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ABSTRACT 
An experimental and analytical program was conducted to 
evaluate the ignition characteristics and delivered performance 
of gaseous hydrogen-oxygen reaction control thrusters. 
goals were to establish design criteria fo r  a pilot bed catalytic 
igniter and to define an operating map for reliable thruster 
ignition at  two chamber pressure levels. The relative activities 
of Shell 405 and Engelhard MFSA catalysts a t  cryogenic tempera- 
tures  were determined by both laboratory investigations and test  
hardware reactor firings. Repeatable ignitions, high performance, 
and pulse mode operation of each pressure level thruster were 
demonstrated with propellant temperatures from ambient to -250°F 
(1 17OJS). 
Specific 
xvi i 
1. SUMMARY 
The experimental results of contract NAS 3 -1 1227 have demonstrated 
Pilot bed design criteria and thruster /igniter operational limits 
the feasibility of catalytic pilot bed ignition of gaseous hydrogen-oxygen 
thrusters. 
were established for a wide range of environmental and propellant inlet 
conditions. 
The specific goals of the "Investigation of Thrusters fo r  Cryogenic 
Reaction Control Systems" program were: 
Establish design criteria for pilot bed catalytic reactors 
capable of igniting 20 lbf (89N) gaseous hydrogen-oxygen 
thrusters a t  chamber pressures of 10 and 100 psia (69 
and 690 kN/m2). 
Define an operating map for reliable thruster ignition 
and operation at each chamber pressure level, including 
the operating variables of propellant temperatures, helium 
dilution of propellants, vacuum effects, and catalyst bed 
temperature. 
To accomplish these goals, an extensive experimental effort of 857 
tests was conducted, including laboratory catalyst activity evaluations, 
catalytic reactor igniter tests,  and combined thruster /igniter firings, both 
steady state and pulse mode. 
Laboratory experimental studies performed with candidate Shell 405 - 
ABSG and Engelhard MFSA catalysts led to the following conclusions: 
e The activity of either catalyst a t  temperatures below -25OC 
(248OK) is  strongly dependent upon the condition of the cata- 
lyst surface. 
detrimental to low temperature H2-02  reaction, while pre  - 
absorbed hydrogen enhanced the activity of the catalysts. 
Absorbed oxygen was found to be extremely 
The Shell 405-ABSG catalyst has a greater capacity for H2- 
0 2  reaction than the Engelhard MFSA catalyst at temperatures 
below -125OC (148OK). However, above this temperature, 
the Engelhard catalyst appeared to be at least equal to  and 
perhaps superior in activity to the Shell catalyst. 
High vacuum exposure mm Hg) at temperatures up 
to 816OC (1089OK) for time periods of several hours had 
little effect on the surface structure of either catalyst 
or  their capacity to promote low temperature H2-02  
reaction. 
1 
Catalytic reactor experiments with hardware capable of igniting a 
20 lbf (89N) 02 /H2  thruster were conducted to further evaluate each candi- 
date catalyst formulation and determine effects of catalyst bed lengths, 
vacuum environment, and propellant inlet conditions. The major results 
of the reactor experiments were: 
Reaction was achieved at  propellant temperatures as low 
a s  -250°F (117OK) with the Shell 405-ABSG catalyst, while 
the Engelhard MFSA catalyst did not sustain reaction below 
- 1 O O O F  (20OOK). 
Helium dilutions in oxygen a s  high a s  50 percent by weight 
for the high pressure reactor and 25 percent at  low pres-  
sure did not preclude ambient temperature reaction. 
hydrogen dilutions up to 10 percent by weight were reacted 
at  both pressure levels. 
Helium- 
No significant degradation of reactor ignition response 
resulted when the catalyst bed was exposed to high vacuum 
(10-5  mm Hg) prior to reaction (consistent with the labora- 
tory activity investigation results). 
Combined thruster /igniter tes t  firings were performed at each cham- 
ber pressure level to investigate minimum ignition energy level require- 
ments, evaluate effects of catalyst bed variations, establish steady-state 
baseline performance, and determine pulse mode performance character - 
istics. In summary, the results of these tes ts  were: 
Satisfactory thruster ignitions were achieved with igniter 
effluent temperatures a s  low as 1250°F (950OK) and igniter 
flow rates as  low as  2 percent of thruster propellant flows. 
Thruster ignition was found to be very sensitive to injection 
geometry. Successful ignitions were attained by secondary 
injection of pure oxygen into the fuel-rich igniter effluent 
gases. 
Combustion efficiencies of 95 percent of theoretical equilib- 
r ium C'k were measured with the high pressure thruster,  
and 90 percent of theoretical C' with the low pressure 
thruster. No extensive injector optimizations were con- 
ducted during this program. 
Pulse mode tests were performed at each chamber pregsure 
level with propellant inlet temperatures of -2500F (117 K).  
Repeatable pulses were attained with a number of different 
pulse duty cycles. 
Recommendations for further investigations include the performance 
and durability evaluation of flightweight thruster designs at  each chamber 
pressure level. 
results of this program, a re  also presented in the report. 
Preliminary designs of flight-type thrusters,  based on the 
2, INTRODUCTION 
The !!Investigation of Thrusters for Cryogenic Reaction Control 
Systems'' program effort, NASA/LeRC Contract NAS 3-11227, was com- 
pris ed of an experimental and supporting analytical evaluation of the 
igniter delay, reactor design, thruster response times, and delivered 
performance for a gaseous hydrogen-oxygen reaction control thruster. 
The thruster design concept for this program incorporated a pilot bed 
igniter, through which only a small  portion (less than 10 percent) of the 
thruster propellants was passed. 
of hydrogen-oxygen thrusters utilized by-pass bed designs, wherein al l  of 
the hydrogen and part of the oxygen (mixture ratio 1. 0) flowed through the 
catalyst bed, and additional oxygen was injected downstream to increase 
overall mixture ratio and attain higher performance. The catalyst formu- 
lations evaluated during this investigation, Shell 405 -ABSG and Engelhard 
MFSA, were also employed in  previous hydrogen-oxygen catalytic ignition 
programs. 
Previous NASA sponsored investigations 
The thruster nominal design/operation conditions evaluated during 
this program were: 
Q Vacuum thrust - 20 lbf (89N) 
2 Chamber pressures  - 10, 100 psia (69, 690 kN/m ) 
e Overall mixture ratio - 2. 5 
Q Propellant temperatures - ambient to -250°F (117OK) 
o Helium dilution in oxygen - 0, 5, 25, 50 percent by weight 
e Helium dilution in hydrogen - 0, 5, 10 percent by weight 
r, Igniter mixture ratio - 1. 0 nominal 
Igniter flow rates  - 2, 5, 10 percent of thruster flow 
e Duty cycle - steady state/pulse mode 
The primary objectives of this investigation were to establish pilot 
bed reactor design criteria and to define an operating map for reliable 
thruster ignition and operation. To accomplish these goals, the following 
tasks were  conducted: 
Laboratory investigations to determine the relative activities 
of the Shell 405-ABSG and Engelhard MFSA catalysts over 
a range of environmental conditions 
Catalytic reactor experiments to further evaluate each 
catalyst under actual firing conditions and to determine 
reactor response times 
Combined thruster/igniter test firings to establish ignition 
requirements and operational limits for both steady- state 
and pulse mode duty cycles. 
3 
Test hardware, procedures, and experimental results for each task 
A summary of program a r e  discussed in the subsequent report sections. 
results and recommendations for further investigations a re  presented in 
the concluding remarks.  
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3 e CATALYST ACTIVITY LABORATORY INVESTIGATIONS 
This section describes the laboratory experimental studies performed 
with the candidate Shell 405 and Engelhard MFSA catalysts. 
of these two catalyst formulations was based upon the results of previous 
NASA-sponsored experimental investigations. 
effort were a s  follows: 
The selection 
The objectives of this task 
Determine over a range of operating parameters the 
relative activities of the Shell 405 and Engelhard MFSA 
catalysts for hydrogen-oxygen reaction at cryogenic 
temperatures 
Evaluate the effects of vacuum soaking at elevated 
temperatures on the catalytic activity at cryogenic tem- 
perature s 
Determine the best practical pretreatment conditions 
for the catalysts in order to maximize their low tempera- 
ture hydrogen-oxygen ignition properties 
e Obtain empirical reaction rate data a t  low temperatures 
which can be utilized in an analytical model f o r  predicting 
the ignition transient and in the engineering design of 
practical thruster systems 
In conducting these investigations, two independant experimental 
techniques were employed. First, preliminary hydrogen and oxygen chemi- 
sorption screening experiments were performed to identify the important 
variables. Next, pulsed flow, isothermal, differential reactor tes ts  
were then conducted to investigate the catalytic H2-02 reaction under simu- 
lated igniter/thruster operating conditions. 
3 .1  PRELIMINARY CHEMISORPTION SCREENING EXPERIMENTS 
The large number of environmental conditions to which the catalysts 
could be exposed prior to engine ignition made it essential that some p re -  
liminary experiments be conducted to determine those soak conditions which 
were most critical, and hence should be included in the differential reactor 
test  matrix. The approach which was used in the preliminary experimenta- 
tion involved hydrogen and/or oxygen chemisorption measurements following 
exposure of the catalysts t o  well-defined pretreatment and soak conditions. 
TRW established the effectiveness of this general method under a previous 
NASA contract (NAS 7-520) which was aimed at correlating the low tempera- 
ture, high vacuum, hydrazine ignition properties of the Shell 405 catalyst 
with the various concentrations of chemisorbed gas species (02, N2, NH3, 
H2) present on the catalyst surface. 
hydrogen and/or oxygen was very sensitive to the amount of active surface 
metal available to catalyze the reaction. Hence, chemisorption measure - 
ments provided a simple and rapid method of distinguishing the effects on 
It was found that the adsorption of 
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catalyst surface activity of various soak environments. 
measurements of the low temperature ra tes  of adsorption (and/or reaction) 
of hydrogen on catalyst surfaces which were previously exposed to oxygen 
(and vice versa) provided qualitative data on the important initial steps in 
the ignition of the catalyst-thruster system (i. e., 
oxygen lead help o r  hinder ignition of the thruster at cryogenic temperature?j.  
Moreover, 
does a hydrogen or 
Studies of the catalyst surface properties, pretreatment effects and 
soak effects by hydrogen and oxygen chemisorption measurements (both 
isotherm and rate data) a r e  described in the following sections. 
3. I. 1 Description of Chemisorption Apparatus 
The chemisorption apparatus i s  an all-glass, constant volume, 
adsorption system. It consists of a manifold and gas sample bulb, catalyst 
sample tube thermally isolated from the manifold, a gas  analysis sampling 
outlet, a high vacuum pumping system, a sample furnace, temperature 
measurement and control systems, and a very precise pressure measuring 
system. The amount 
of gas adsorbed on a sample of catalyst is determined by measuring the p re s -  
sure  drop in the calibrated constant volume system. 
Figure I shows a schematic diagram of the apparatus. 
3.1.2 Test Matrix for Preliminary Experiments 
Table 1 presents the chemisorption screening tes t  matrix used to 
establish probable effects of catalyst soak conditions on the activity of the 
candidate catalysts. 
the differential reactor investigation described in Section 3 . 2 .  
The most important soak conditions were then used for 
The tes t  matrgx covers the effect of time, temperature and environ- 
ment (air, vacuum, hydrogen, helium) upon the catalysts. Included in the 
matrix a r e  chemisorption kinetic measurements to  determine the relative 
rates of chemisorption of hydrogen and oxygen upon the catalysts and the 
effect of preadsorbed oxygen and hydrogen upon the chemisorption rates .  
3.1.3 Experimental Procedure 
To make an  equilibrium adsorption isotherm measurement a known 
A quantity of gas was 
The 
A stop- 
weight of catalyst was pretreated and then was allowed to  thermally equili- 
brate at the predetermined isotherm temperature. 
initially bled into the evacuated manifold f rom the gas storage bulb. 
number of molecules initially in the gas  phase was calculated from the 
known volume of the manifold and the measured manifold pressure.  
cock connecting the evacuated sample bulb to the gas manifold was then 
opened and the gas introduced into the sample bulb. As the gas species 
( e .  g.  hydrogen) adsorbed on the catalyst sample, the pressure decreased. 
When there was no appreciable further change in pressure,  the system was 
assumed to  be at equilibrium and the final gas phase pressure recorded. 
The number of molecules of gas  remaining in the gas phase was calculated 
from the known dead space of the manifold and sample tube. The difference 
between the original and the final number of molecules in the gas phase was 
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the number of molecules adsorbed on the sample at  the isotherm tempera- 
ture and the final equilibrium pressure.  
the final equilibrium pressure thus represents one point on the adsorption 
isotherm. 
was then closed again, fresh gas admitted to the manifold, and the process 
repeated.. 
sponding larger  quantity of gas adsorbed. 
to an equilibrium pressure of 200  t o r r  (mrn Hg). 
The amount of gas adsorbed at 
The stopcock connecting the sample tube to  the gas manifold 
A new higher equilibrium pressure was obtained with a corre-  
This process was repeated up 
3.1.4 Chemisorption Isotherm Studies with Hydrogen 
Hydrogen chemisorption experiments with Shell 405 ABSG catalyst 
and Engelhard MFSA catalysts a r e  described below. 
"as received" catalysts and catalysts which were pretreated in order to 
remove all initial surface oxides and preadsorbed gases. 
catalysts a r e  called "clean" catalysts. 
The studies included 
The pretreated 
3.1.4.1 Hydrogen Chemisorption Isotherm Studies with 
Shell 405 ABSG': Catalyst 
The hydrogen chemisorption isotherm results a r e  given in Table 2. 
The adsorption temperature of 200OC (472OK) and equilibrium pressure of 
200 t o r r  were selected from previous studies as the best conditions for  
determining catalyst changes. Typical adsorption isotherms a r e  shown 
in Figure 2. 
The first  column of Table 2 shows the pretreatment conditions to 
which ,the Shell catalyst was exposed prior to the hydrogen chemisorption 
isotherm measurements. The standard pretreatment was to evacuate the 
catalyst sample for 1 6  hours at 2OO0C (473OK) and then expose the sample 
to 200 t o r r  hydrogen gas for 7 hours followed by an additional 1 6  hours of 
evacuation at 600°C (873OK). 
this pretreatment procedure removed the very strongly chemisorbed oxygen 
(from a i r  exposure of the "as received" catalyst). 
Based on previous experimental studies, 
The second column in Table 2 shows the various soak conditions to 
which the "clean" catalyst was exposed prior to equilibrium hydrogen 
chemisorption measurements. The soak conditions were: exposure of the 
catalyst to 1 0 - 6  t o r r  vacuum at 816% (1089OK) for time periods of 1, 5, 
and 50  hours; to helium (I atm) at 816% (10890K) for 50 hours; and to 
hydrogen ( I  atm) at 816OC (1089OK) and at -78OC (1950K) f o r  5 hours. 
.L 
".The Shell 405 ABSG catalyst used, Lot 5-Lem-402, was equivalent t o  Lot 
4-Jem-402 except that the alumina support was rounded by water attrition. 
The final pellet size, 14-18 mesh, i s  identical t o  Lot 4-Jem-402. 
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SUMMARY OF HYDROGEN CHEMISORPTION ISOTHERM EXPERIMENTS 
AT 473'K QN SHELL 405-ABSG CATALYST 
Pretreatment Conditions Soak Conditions 
and 200 t o r r  Hydroger 
Atoms x 
"AS Received" Catalyst  
Outgassed i n  t o r r  None 765 f 61"" 
f o r  16 hours 
Standard*** 288 ?r 60**** 
1 hour a t  1089"Kin 
t o r r  vacuum 
Standard*** 298 f 20**** I 5 hours a t  1089OK i n  t o r r  vacuum 
Standard*** 198 f 16** 50 hours a t  1089'K 
234 f 18** 
Standard*** 148 f 12** 
5 hours a t  1089'K 
i n  1 atm hydrogen 
i n  1 atm hydrogen Standard*** 
NOTES 
*For comparison purposes, i t  should be noted t h a t  1 gram of Shell 405 
contains -1000 x 101* i r id ium atoms. 
the c a t a l y s t  were surface atoms ( i r id ium d i s t r i b u t e d  i n  a monomolecular 
layer  on the support) ,  t h  c a t a l y s t  would adsorb a t  473OK ( a f t e r  standard 
pretreatment) "1000 x 1OI8 atoms of hydrogen. 
I f  a l l  atoms of i r i d ium i n  
**Based on previous r e p l i c a t e  experiments, the uncertainty was taken as 
?r 8% of the measured value. 
***The standard pretreatment t o  remove very s t rongly adsorbed oxygen (from 
a i r  exposure o f  the c a t a l y s t )  cons is t s  of 16 hours evacuation a t  473OK 
followed by exposure t o  200 t o r r  hydrogen a t  773'K . f o r  seven hours 
followed by 16 hours evacuation a t  873OK i n  1046 t o r r  vacuum. 
i c a t e  experiments were r u n  f o r  each of these cases and the l isted 
uncertainty represents the span between the experiments. 
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A. 
STANDARD PRETREAT ONLY 
FOLLOWED BY 50 HOUR SOAK 
AT 1089OKAND IOw6 T O R R  
- STAN DAR D PRETREAT 
T UNCERTAINTY RANGE 
' I TAKEN AS '8% OF - I MEASURED VALUE BASED 
I ON PREVIOUS REPLICATE 
1. EXPERIMENTS 
0 
0 50 100 150 2 
PRESSURE TORR 
0 
Figure 2. Typical Hydrogen Chemisorption Isotherms 
on Shell 405 ABSG Catalyst 
The third column of Table 2 shows the number of hydrogen atoms 
chemisorbed at 2OOOC (4730K) and 200 t o r r  pressure.  
ments with the Shell 405 ABSG catalyst showed that adsorption at 2OO0C 
(4730K) and 200 t o r r  essentially saturates the surface. 
the typical adsorption isotherms shown in Figure 2. 
Previous experi- 
This is seen from 
The results show that soaking at 816OC (10890K) in hydrogen for 1 to  
5 hours decreased the capacity of the catalyst to  adsorb hydrogen a t  2OO0C 
(473OK) by a factor of 2. This i s  very likely a sintering effect rather than 
the result of residually adsorbed hydrogen since at 816% (10890K) previ- 
ous temperature scanning experiments showed that very little, i f  any, 
hydrogen would remain adsorbed. It i s  further seen that the effect of 
soaking in helium for 50 hours at 816OC (1089OK) was less  than a soak in 
10-6 t o r r  vacuum for 50  hours at 816OC (10890K). 
These experiments showed that the two soaking conditions, 1 atm of 
hydrogen at 816OC (1089OK) for 5 hours and at 1 0 - 6  t o r r  vacuum at 816% 
(10890K) for 50 hours, had the greatest effect on the catalyst. These two 
conditions were also kinetically evaluated in the differential pulse flow 
reactor to determine their  actual effect on the catalyst reaction rate at 
low temperatures. 
3.1.4.  2 Hydrogen Chemisorption Studies with 
Engelhard MFSA Catalysts 
Experiments t o  determine the best pretreating conditions for removal 
of the oxides and residual gases f rom the Engelhard MFSA catalysts a r e  
shown in Table 3. Column 1 shows the pretreating conditions, column 2 
the adsorption gas ,  and column 3 the number of atoms adsorbed at equilib- 
rium. The results showed that the pretreating conditions used with Shell 
405 ABSG catalysts were also applicable to the Engelhard catalysts. 
Therefore, the standard method for preparing these catalysts for the 
adsorption and soaking experiments was to outgas the catalyst at 2OOOC 
(473OK) for 16  hours a t  10-6  to r r ,  then to expose the catalyst to  200 t o r r  
hydrogen at 500OC (773OK) f o r  7 hours, and to evacuate the catalyst at 
6OO0C (873OK) in t o r r  vacuum for 1 6  hours. 
The hydrogen chemisorption experiments for  Engelhard MFSA 1 /8-  
inch catalyst a r e  summarized in Table 4. Column 1 describes the pre-  
treating conditions, column 2 describes the soaking conditions, and column 
3 shows the number of hydrogen atoms adsorbed per  gram of catalyst at 
2OO0C (473OK) and 200 t o r r  pressure.  
These experiments revealed that the active surface of the Engelhard 
How- 
These results can be seen in Table 4. 
MFSA catalyst was not affected by high temperature vacuum soaks. 
ever, exposure to helium at 816OC (10890K) for 50 hours decreased the 
active surface by about 75 percent. 
Comparative measurements were also made with the 1 /16-inch 
Engelhard MFSA catalyst and a r e  given in Table 5, which also includes 
adsorption of oxygen. Column 1 describes the soak conditions, column 2 
12 
Table 3. Effect of Pretreatment on Chemisorption by Engelhard MFSA 
l / S t l  (0.318 cm) Catalyst a t  473OK 
Pretreatment 
"As received catalyst'q 
outgassed at 473'K for 
16 hours at loe6 torr 
vacuum 
* 
Standard 
Outgassed at 473'K for 
16 hours, followed by 
exposure to 200 torr 
hydrogen at 573*K for 
7 hours, followed by 
hours at 673'K in 10" 
torr vacuum 
k6 
"AS received catalyst" 
outgassed at 473'K for 
16 hours at 10-6 torr 
vacuum 
* 
Standard 
Outgassed at 473OK for 
16 hours, followed by 
exposure to 200 torr 
hydrogen at 573'K for 
7 hours, followed by 
Adsorbing 
oxygen 
oxygen 
hydrogen 
hydrogen 
hydrogen 
+ 1.1 - 1 
15.6 2 2 
15.9 2 2 
+ 29.0 - 2 
10.4 2 1 
&2 1 
t 473'K for 16 hours at torr, followed by exposure 
to 200 torr hyd ogen at 773OK for 7 hours, then evacu 
t 873'K in 10- torr V~CUWR. 
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Table 4. Summary of Hydrogen Chemisorption Isotherm Experiments at 
473OK on l / S r 1  (0 .318 em) Engelhard MFSA Catalyst 
Pretreatment Conditions 
"As Received" Ca a l y s t  
outgassed i n  lo-' torr 
vacuum f o r  16 hours 
Standard* 
Standard" 
Standard* 
Standard* 
Standard* 
Standard* 
Standard" 
Soak Condi ti ons 
None 
None 
1 Hour @ 1089'Kin 
Torr Vacuum 
5 Hours @ 1089'K i n  
Torr Vacuum 
50 Hours @ 1089OKin lom6 
Torr Vacuum 
50 Hours 8 1089'Kin 1 
atm of Helium 
5 Hours @ 1089*Kin 1 
atm of Hydrogen 
5 Hours @ 195'K i n  1 
E q u i  1 i bri um Chemi sorption 
a t  473'K and 00 Torr 
Atoms x lO-f8/gm 
29.9 ? 2.0 
10.4 k 2.0 
9.94 f 2.0 
13.68 k 2.7 
13.40 f 2.6 
3.13 f 0.6 
7.92 f 1.6 
9.67 -+ 1.9 
*The standard pretreatment t o  remove strongly absorbed oxygen (from a i r  exposure of 
the c a t a l y s t )  cons is t s  of 16 hour evacuation a t  473'K, followed by exposure t o  200 
torr hydrogen a t  773'K for  seven hourss followed by 16 hours evacuation a t  873'K i n  
10-6 t o r r  vacuum. 
measured value.  
experiment. 
**Based on previous r e p l i c a t e  experiments; the uncertainty was taken as  *8% of the 
***Based on t r i p 1  icate experiments the uncertainty represents the span between each 
9- 4 
Table 5. Summary of Comparative Chemisorption Isotherm Experiments at  
473OK on 1/811 (0.318 cm) apd I /  16" (0.  159 cm) "Clean" 
Engelhard MFSA Catalysts". 
Soak Conditions 
50 Hours a t  1089'K i n  
1 atrn of helium 
5 Hours a t  1089°K i n  
1 atrn of hydrogen 
Adsorbing 
Gas 
Hy d r og e n 
Hydrogen 
Hydrogen 
Oxygen 
E q u i  1 i br i  um Chemisorption 
a t  473'K and 200 Torr 
Atoms x 10-18/gm 
Engel hard 1 /8" 
(.318 cm) MFSA 
10.4 k 2.0 
3.13 k 0.6 
7.92 k 1.6 
15.9 k 3 
ngelhard 1/16' 
.159 cm) MFSA 
38.0 2 4.0 
12.0 f 2.0 
10.1 k 2.6 
23.7 4 
*All ca t a lys t  samples were pretreated by the standard pretreatment t o  
remove very s t rongly adsorbed oxygen (from a i r  exposure of the c a t a l y s t ) .  
This cons is t s  of 16-hour evacuation a t  473'K, followed by exposure t o  
200 t o r r  hydrogen a t  773'K f o r  seven hours, followed by 16 hours evacu- 
a t ion a t  873OK i n  10-6 t o r r  vacuum. 
the adsorbing gas, and columns 3 and 4 the chemisorption values [the 
number of atoms of hydrogen o r  oxygen adsorbed per  gram of catalyst at  
2OOOC (473OK) and 200 t o r r  pressure].  
treated, followed by chemisorption of oxygen, the amount of oxygen 
adsorbed by the 1/16-inch catalyst was greater than that of the 1/8-inch 
catalyst. This fact, plus the fact that the amount of hydrogen adsorbed 
by the .1/.16-inch catalyst was greater than that of the 1/8-inch catalyst, 
indicated that the metal content of the 1/16-inch catalyst was higher than 
the Ill8-inch catalyst even though the two catalysts were supposed to  have 
identical metal contents. These experiments also indicated a reduction 
of active surface by about 70 percent when the samples were exposed to 
helium at 816OC (1089OK) f o r  50  hours. 
When both catalysts were pre-  
Table 6 shows the number of atoms of metal per gram of catalyst 
found by three independent spectrographic analyses of the I /  8- and 1/ 16- 
inch catalysts. 
the small amount of metal present on these catalysts i s  close to the mini- 
mum amount detected by this type of analysis. 
1 /I 6-inch catalyst has approximately 1 e 6 times more metal than the 1 /8- 
inch catalyst. 
The average deviation of these analyses i s  high because 
The data show that the 
* 
'I' 
Engelhard has confirmed these findings based on their own laboratory 
analysis of catalyst samples f rom the same lots. 
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Table 6. Summary of Spectographic Analysis of Metal Content of 
Engelhard Catalysts 
Metal 
P1 atinum 
Rhodium 
Lead 
Atoms x Per Gram 
Engel hard 
IFSA 1/8" ( 318 cm 
7.72 f 0.96 
4.73 f 0.59 
Less .than 0.87 
Engel hard MFSA 
1/16" (.159 cm) 
12.30 f 1.84 
7.68 f 2.30 
Less than 1.45 
3.1.5 Chemisorption Isotherm Studies with Oxygen 
The following paragraphs describe the oxygen chemisorption studies 
with Shell 405 ABSG catalysts and Engelhard MFSA catalysts. 
tion studies were performed with "as received" and "clean" catalysts 
subjected to soaking in specific environments. 
The adsorp- 
3 .1 .5 .1  Oxygen Chemisorption Studies 
with Shell 405 ABSG Catalyst 
The oxygen chemisorption studies with Shell 405 ABSG catalyst a r e  
summarized in Table 7. Columns 1 and 2 give the pretreating and soaking 
conditions, respectively, and column 3 gives the number of oxygen atoms 
adsorbed per gram of catalyst at 200°C (4730K) and 200 t o r r  oxygen. 
Based on the fact that the total number of iridium atoms per gram 
of catalyst is  1000 x 1018 atoms, and the "as received" catalyst has a 
surface composition of about IrOo. 3 at ambient temperature, it is  seen 
that catalyst surface oxygen composition increases to IrOO 6 at 200°C 
(473'K) and 200 to r r  oxygen pressure.  
catalyst exposed to air at 1 atm takes on a surface composition of about 
IrOO. 2 (600 x 1 0 l 8  atoms of oxygen/per gram less 400 x 1018 atoms of 
oxygen/gram after soaking at -78OC). 
At -78% (1950K), 'a "clean" 
The oxygen uptake on the catalyst 
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exposed .to 1 atm of air for 5 hours at 816OC (1089OK) corresponds to the 
surface coverage of about I rOi .  5, a stable oxide form (based on previous 
research).  
(1089OK) when the catalyst is subject to 200°C (4730K) and 200 to r r  
oxygen, i s  probably the amount physically adsorbed on the oxide surface. 
The oxygen adsorbed after soaking in air for 5 hours at 816OC 
3 .1 .5 .2  Oxygen Chemisorption Studies with 
Engelhard MFSA Catalysts 
The oxygen chemisorption experiments with Engelhard MFSA 
catalysts a r e  summarized in Tables 8 and 9. The equilibrium values of 
the amount of oxygen atoms adsorbed per gram of 1/8-inch catalyst a r e  
given in Table 8 and a comparison of the equilibrium values for  the 1/8-  
inch catalyst and the 1116-inch catalyst are given in Table 9. 
3.1. 6 Alternate Chemisorption of Hydrogen and Oxygen 
on Engelhard MFSA 1 /8-inch Catalvst at -78% 
A ser ies  of alternate hydrogen and oxygen chemisorptions on samples 
of Engelhard MFSA 1/8-inch catalyst at -78OC (195OK) was performed to 
determine if the water molecules formed on the active surface sites of the 
catalyst remained at the site o r  moved off the site to permit further 
reaction between oxygen and hydrogen. 
formed; the catalysts were pretreated in the standard way, and then hydro- 
gen was chemisorbed on the surface at -78OC (1950K) and 200 t o r r  until 
equilibrium was established, followed by expansion of the resident gas 
phase in the system down to a pressure of 1 micron. Oxygen was then 
adsorbed at 200 t o r r  and -78% until equilibrium was established, followed 
by expansion. 
Table 10. 
Duplicate experiments were per-  
This process was repeated several times, a s  shown in 
Column 1 of Table 1 0  shows the sequence of adsorption-desorption 
experiments. Columns 2 and 4 show the amount of hydrogen adsorbed on 
the catalyst, and columns 3 and 5 show the amount of oxygen adsorbed on 
the catalyst. 
The total number of hydrogen and oxygen atoms adsorbed i s  also 
shown. Table 10 shows that the number of oxygen atoms adsorbed on the 
surface covered with preadsorbed hydrogen was approximately three times 
the number of hydrogen atoms adsorbed. This could be accounted for by 
the initial reaction of 2 atoms of hydrogen and 1 atom of oxygen to form 1 
molecule of water, which moves off the active catalyst site followed by the 
formation of multiple metal oxide and some physical adsorption of oxygen. 
The experiments indicate that the formation of water is not neces- 
sari ly accompanied by permanent retention of the H20 molecule on the 
active site, but that water may move off the catalyst site to f ree  it for 
further reaction. 
hydrogen within parallel experiments indicate the complexity of the 
reaction on the catalyst. 
The differences shown by the adsorption of oxygen and 
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Tab le  9.  S u m m a r y  of C o m p a r a t i v e  Oxygen C h e m i s o r p t i o n  I s o t h e r m  E x p e r i m e n t s  
at 473OK on l / 8 "  ( 0 . 3 1 8  cm) and 1 /16"  (0 .  159 cm) "Clean" 
E n  g e lha r d M F SA C at a1 y s t':: 
Soak Conditions 
None 
5 hours a t  1089'K i n  1 
atmosphere o f  a i r  
5 hours a t  195'K i n  1 
atmosphere of a i r  
E q u i  1 i brium Chemisorption 
oxygen atoms x 10-18/gram 
a t  473eK and 200 torr 
Engel hard 1 /8" 
(.318 cm) MFSA 
15.9 f 3 
0.0 
5.86 f 1.2 
Engelhard 1/16" 
(.159 cm) MFSA 
23.7 f 4 
0.0 
22.0 f 4 
*A1 1 c a t a l y s t  samples were pretreated by the standard pretreatment 
t o  remove very s t rongly absorbed oxygen (from a i r  exposure o f  the 
c a t a l y s t ) .  
by exposure t o  200 t o r r  hydrogen a t  773'K f o r  seven hours, followed 
by 16 hours evacuation a t  873'K i n  10-6 t o r r  vacuum. 
This cons is t s  o f  16-hour evacuation a t  473"K, followed 
T a b l e  IO. Repea ted  A l t e r n a t e d  C h e m i s o r p t i o n  of Hydrogen  and Oxygen on 
E n g e l h a r d  MFSA 1 / 8 "  (0 .318  cm) C a t a l y s t  at 200 t o r r  and  1950K 
SAMPLE 1 
Hydrogen 
itoms x 10-18/gm 
Adsorbed 
11.3 f 2 
14.7 f 3 
16.9 f 3 
5.5 f 1 
48.4 f 1.5 
Oxygen 
Atoms x 10-18/gm 
Adsorbed 
35.4 f 7 
31.4 f 6 
30.1 f 6 
18.3 f 4 
14.8 f 2 
130.0 f 3 
SAMPLE 2 
Hydrogen 
Atoms x 10-18/gm 
Adsorbed 
10.4 f 2 
14.0 f 3 
14.5 f 3 
7.2 f 2 
46.2 f 1.5 
Oxygen 
\toms x 10"8/gl 
Adsorbed 
27.1 f 5 
21.2 f 4 
21.7 f 4 
17.5 f 4 
19.3 f 4 
106.8 f 3 
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3 1 . 7  Chemisorption Rate Measurements 
The following paragraphs describe chemisorption rate measure-  
ments made with hydrogen and oxygen on both the Shell 405 ABSG and 
Engelhard 1 /8 -inch MFSA catalyst. 
In conducting a chemisorption rate experiment, the procedure 
followed was to take a known weight of pretreated catalyst sample and 
allow it to  thermally equilibrate at the selected temperature. The gas 
was then admitted to  the sample and the pressure change recorded a s  a 
function of time. When pressure decreased to about 1 0  percent below 
the preselected nominal experimental pres  sure,  an additional amount of 
gas was rapidly admitted to the sample and the pressure was again 
recorded as a function of time. 
rate of pressure change with time was very small. 
This sequence was repeated until the 
3 . 1 . 7 . 1  Hydrogen and Oxygen Chemisorption Rate 
Measurements with Shell 405 ABSG Catalyst 
Experiments to  study the rate of chemisorption of hydrogen and 
oxygen on the Shell 405 ABSG catalyst were done at -78OC (1950K). 
Adsorption versus time measurements were made at a total pressure of 
1 t o r r  under the following set of conditions: 
e 
e 
Hydrogen chemisorption on a "clean" (standard pre-  
treatment) sample of Shell 405 ABSG catalyst 
Hydrogen chemisorption on a sample of Shell 405 ABSG 
catalyst upon which oxygen had been preadsorbed at 
2 O O O C  (473OK) 
Oxygen chemisorption on a "clean" (standard pretreat-  
ment) sample of Shell 405 ABSG catalyst 
Oxygen chemisorption on a sample of Shell 405 ABSG 
catalyst upon which hydrogen had been preadsorbed at 
200OC (473OK) 
Figures 3 and 4 present the results of these experiments in te rms  
of the number of atoms of gas adsorbed as a function of time. 
these figures it is apparent that at -78OC (1950K) hydrogen adsorbs much 
more slowly on Shell 405 catalyst when it has preadsorbed oxygen. 
However, when the Shell 405 catalyst has preadsorbed hydrogen, the 
rate of oxygen adsorption is much greater  than on a "clean" shell catalyst. 
F rom 
3.1.7.2 Hydrogen and Oxygen Chemisorption Rate Measurements 
with Engelhard MFSA 1 /8 -inch Catalyst 
Experiments to study the rate of chemisorption of hydrogen and 
oxygen on the Engelhard MFSA catalysts (1/8-inch) were performed a t  
-78OC (195OK). Adsorption versus time measurements were made at a 
21 
0 c 
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total pressure of I t o r r  under the following set of conditions: 
Hydrogen chemisorption on a "clean" (standard pre-  
treatment) sample of Engelhard MFSA I /8-inch 
catalyst 
Hydrogen chemisorption on a sample of the Engelhard 
MFSA 1/8-inch catalyst upon which oxygen had been 
preadsorbed at 200OC (4730K) 
Q Oxygen chemisorption on a "clean" (standard pretreat-  
ment) sample of Engelhard MFSA I /8 -inch catalyst 
Oxygen chemisorption on a sample of the Engelhard 
MFSA I /8 -inch catalyst upon which hydrogen had been 
preadsorbed at 2OO0C (4730K) 
Figures 5 and 6 present the results of these experiments in t e rms  
of the number of atoms of gas  adsorbed per gram of catalyst as a function 
of time. 
rate of adsorption of hydrogen gas takes place more slowly on the 
Engelhard MFSA catalyst which is  saturated with preadsorbed oxygen. 
Much more oxygen will chemisorb on a sample of the Engelhard MFSA 
catalyst which i s  saturated with preadsorbed hydrogen than on an equi- 
valent sample of "clean" Engelhard MFSA catalyst. 
F rom these figures, it is apparent that at -78OC (1950K), the 
F r o m  these results, it would appear quite likely that oxygen pre-  
adsorbed on the surface of the Engelhard MFSA catalyst would decrease 
the ability of the catalyst to ignite a hydrogen-oxygen mixture at cryogenic 
tempe ratu re  s a 
3.2 KINETIC STUDIES WITH THE PULSE FLOW 
ISOTHERMAL DIFFERENTUL REACTOR 
An isothermal, pulse-flow, differential reactor was utilized to 
evaluate the relative capacities of Shell 405 catalyst and Engelhard MFSA 
catalyst to  promote cryogenic hydrogen- uxygen reaction. 
tive reaction kinetics studies were also performed under a variety of tes t -  
ing conditions. The following paragraphs present discussions of the 
design and operation of the pulse flow differential reactor, the method of 
obtaining experimental data, and the results of the experimentation. 
Semiquantita- 
3.2. I Description of Reactor and Pretreatment Systems 
The isothermal differential reactor and the catalyst pretreating and 
soaking system a r e  schematical1.y shown in Figures 7 and 8, respectively. 
Photographs of these systems a r e  presented in Figures 9 through 12. 
The differential reactor system i s  a pulsed flow type using a Carle 
sampling valve to  introduce a reproducible plug of reactant (H2 t 0 2 )  g a s  
into a helium s t ream that continuously passes over the catalyst (or  over 
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F i g u r e  12. C l o s e - u p  View of the I s o t h e r m a l  Di f fe ren t ia l  R e a c t o r  
F low S y s t e m  and Cons tan t  T e m p e r a t u r e  Chamber  
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a dummy reactor which contains only catalyst support or  through an 
empty tube) and then through the gas  chromatograph. The plug of gas i s  
carried over the catalyst by the helium s t ream and then into the gas 
chromatograph for analysis to determine the amount of gas reacted and/ 
o r  adsorbed. 
(770K) to  300OC (5730K) and a reproducibility of *O. 05OC controls the 
reactor temperature. The total pressure of the system can be varied 
f rom 30 to 90  psia (2. 068 x I O 5  to  6. 205 x 105 N/m2)  depending on the 
length of the gas chromatograph column. 
tion insures isothermal o r  very nearly isothermal conditions. Kinetic 
experiments were performed using the differential reactor with one 
sample of catalyst while other catalyst samples are pretreated and con- 
ditioned in the separate pretreating and soaking system (Figures 8, 9 
and 10) .  
A constant temperature chamber with a range f rom -196OC 
The pulse flow mode of opera- 
3.2.2 Operation of Reactor 
A dummy reactor tube containing only the alumina catalyst support 
material and the kinetic reactor tube which contains the same amount of 
active catalyst were initially pretreated and exposed to a predetermined 
soaking environment, evacuated, and then removed from the heating and 
soaking zones (Figures 8, 9 and 10) by closing the vacuum valves and 
disconnecting at the unions. These reactors were then carefully con- 
nected to  the differential reactor system as  shown in Figure 9. 
was opened and valves C and B were closed during connecting of the 
reactor lines. Valve H was f i r s t  opened to remove air (by the vacuum 
system) and then valves H and A were closed and valves C and B were 
opened. 
about 1 5  minutes to insure removal of all t races  of air. Valve J was 
then closed and valves D, E, F, G, L, and 0 were opened and helium 
passed through the reactor tubes fo r  a few minutes to establish equilib- 
rium, and then valves C and B were closed and valve A was opened. The 
constant temperature chamber was se t  at  the predetermined temperature 
and while equilibrium conditions were established, the hydrogen-oxygen- 
helium mixture ratio was set  by adjusting the flow of the gases through 
the Carle sampling valve. The composition of the gas mixture was deter-  
mined by turning the handle of the Carle sampling valve which caused a 
reproducible sample of the mixture of gas t o  enter the chromatograph f o r  
analysis, 
mixture ratio and the reactor tubes were at the predetermined tempera- 
ture, then valve A was closed and valves C, B, L, and 0 were opened to 
establish a steady flow of helium through the empty reactor tube. 
Valve A 
Valve J was then opened and helium flowed through the lines f o r  
When a reference chromatogram was obtained of the established 
At cryogenic temperatures, the flow through the reactor changes 
causing a corresponding change in the gas chromatogram shape and a rea  
which was detected by comparison of the empty reactor chromatogram 
with the original sample mixture chromatogram. Next the Carle valve 
was activated to  introduce a reproducible plug of the reactant gases to  
flow over the catalyst support and then into the gas chromatograph for 
analysis as shown in Figure 8. 
valves D and E were opened and the procedure was repeated for the actual 
Then valves F and G were closed and 
' 3 3  
catalyst. The reactant gases were alternately pulsed over the support 
and catalyst at regular intervals until the gas chromatograph analysis 
showed that hydrogen and oxygen no longer reacted o r  chemisorbed on 
the catalyst . 
3.2.3 Experimental Procedure 
The procedure generally used in the kinetic experiments is  des-  
c r ibed below. 
A catalyst sample and corresponding support were preweighed and 
placed in separate reactor tubes. 
treating section and outgassed at 5OOOC (773OK) for 2 hours. 
at 20 psig (1.379 x 105 N/m2)  was put into the reactors and allowed to 
react with the oxides present on the catalyst surface for a period of 1 
hour. 
hydrogen and reaction products was performed three more times. 
catalyst and supports were outgassed at 1 0 - 6  t o r r  vacuum at 6OO0C 
(873OK) for 1 6  hours. The reactor tubes were cooled to room tempera- 
ture in vacuum, and helium was placed over the catalyst and support at 
20 psig (1.379 x 105 N/m2) .  The reactor tubes were removed from the 
pretreating section and transferred to  the kinetic reactor section des-  
cribed in the previous section. 
These tubes were connected to the pre-  
Hydrogen 
Then the hydrogen was pumped off at 1 0 - 6  to r r .  Removal of the 
The 
After connection to  the kinetic reactor system, helium was then 
passed over the catalyst support and through the empty reactor tube 
(called the dummy reactor) until equilibrium was established through the 
system and the gas chromatograph. 
In experiments subsequent to  the initial studies, hydrogen at room 
temperature was pulsed over the catalyst sample to post-treat the sample 
f o r  reaction, and the reactor was then cooled to  the operating temperature 
fo r  the kinetic experiments. During the time for establishing thermal 
equilibrium, the gas flows were adjusted to correspond to the reactant 
mixture selected for  the experiments. After equilibrium was established, 
the reactant mixture was pulsed first through the empty reactor to permit 
an accurate determination of the gas  composition; then, the reactants 
were pulsed through the catalyst support to  determine the change in the 
gas chromatograph peaks caused by the physical hold-up of the gases in 
passing through the supports at the low temperature (physical adsorption). 
Then the reactant mixture was pulsed through the catalyst bed and the 
amount of hydrogen and oxygen remaining in the mixture was recorded on 
the gas chromatograph. The reactant mixture was pulsed at definite time 
intervals through the catalyst until the amount adsorbed o r  reacted 
approached zero. 
3.2.4 Analvsis of Exnerimental Data 
For  each experiment, the rate of disappearance (by reaction and/or 
chemisorption) of oxygen and/or hydrogen was tabulated a s  a function of 
the total number of molecules of gas which had previously adsorbed or  
3 4 ’  
reacted. 
computed from the measured conversion by the relationship: 
The average adsorption or  reaction rate for each pulse was 
- F 
r - ave - w 
where - 
r = average rate of disappearance of a particular reactant 
(H2 or  0 2 )  atoms/sec-gram of catalyst 
catalyst bed atoms / sec  
ave 
F = flow rate of a particular reactant (H2 o r  02) entering the 
W = weight of catalyst sample 
A x  = measured conversion of particular reactant (H2 OT 0 2 )  
/number of counts through\ - fnumber of counts through] 
A = \  dummy reactor 1 \ catalyst bed I 
X -  number of counts through dummy reactor 
The total amount of reactant (02 or  H2) which had adsorbed o r  
reacted at the end of each pulse was computed by summing the product of 
the measured conversions times the number of reactant molecules (H2 o r  
0 2 )  per pulse over all of the previous pulses: 
P
n. = 2 n?Ax 
1 J j  
1 
whe r e  
n. = number o1 molecules of oxygen o r  hydrogen adsorded o r  
reacted at the end of the ith pulse 1 
A, = conversion of oxygen or  hydrogen on the jth pulse 
no. = number of reactant molecules (02 or  H2) introduced to the 
j 
catalyst bed on the jth pulse 
3 .2 .  5 Post-Treatment Effects 
Initial experiments in the differential reactor system indicated that 
little or  no reaction would occur at  low temperatures on a catalyst which 
had been subjected to  the standard pretreatment. 
showing the effects of post-treatment, particular1.y with hydrogen, a r e  
given in Table II. Further results indicated that a hydrogen lead was 
required over the "clean" catalyst in order to obtain reaction at lower 
temperatures. 
was supplemented by pulsing hydrogen over the catalyst at room tempers- 
ture pr ior  to cooling to the preselected reaction temperature. 
Experimental results 
Consequently, the standard pretreatment of the catalyst 
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3. 2.  6 Experimental Test Matrix 
Table 12  outlines the final experimental tes t  matrix. Experiments 
1 through 9 were aimed at determining the effect of temperature and 
reactant partial pressure on the rate of hydrogen-oxygen reaction and/or 
chemisorption on the Shell 405 ABSG catalyst. 
of 75 psia (5.171 x i o 5  N / m Z )  was maintained in these experiments by 
utilizing helium as  a diluent. 
to oxygen mixture ratio entering the catalyst bed was maintained at  4 
moles of hydrogen per mole of oxygen while the partial pressure of 
reac ants (hydroge plus oxygen) was varied f rom 7.5 to 75 psia (5.171 
x 1 0  to 5.171 x 1 0  N/m2) .  Experiments 1 0  and 11 investigated the effect 
of catalyst bed length on the reaction rates for Shell 405 ABSG catalyst 
under a single set  of experimental conditions. 
A total system pressure 
In experiments 4 through 9, the hydrogen 
4 2 
Experiments 1 2  and 13 evaluated the effect of soaking "clean" Shell 
405 catalyst in hydrogen at low temperature, -46OOC (1130K); and at high 
temperature, 816OC, (1089OK), respectively. Experiments 14 and 15 
determined the effect of soaking a clean Shell 405 catalyst at  816oC 
(1089OK) in high vacuum and in oxygen, respectively. The effect of 
increased mixture ratio, 1 6  moles of hydrogen per mole of oxygen, was 
determined in experiment 16. 
tants plus helium diluent) was evaluated in experiments 9 and 17. Experi- 
ments 18 through 30 were essentially the same a s  experiments 1 through 9 
and 1 2  through 15, but used Engelhard MFSA 1/16-inch catalyst in place 
of the Shell 405 ABSG catalyst. 
The effect of total system pressure ( reac-  
3. 2 .7  Experimental Kinetic Studies with 
Shell 405 ABSG Catahs t  
The following paragraphs describe the kinetic experiments with 
Shell 405 ABSG catalyst, showing the change in  the reaction rate a s  a 
function of bed length, temperature, partial pressure,  total pressure,  
and soaking environment. 
3 .2 .7 .1  Reaction Rate as  a Function of Bed Length 
The change in reaction rate with bed length is shown in Figure 13. 
The bed diameter was constant for each test ,  therefore the 4-gram catalyst 
bed was twice the length of the 1/ 2 -gram bed, etc. The experimental data 
in Figure 13 indicate that the initial phase of the reaction was independent 
of the sample size, i. e . ,  the reaction rate ( 0 2  atoms/sec/gram of catalyst), 
multiplied by the catalyst sample weight in grams,  is  a constant (19  x 1048 
0 2  atoms reacted per  second) f o r  all  three experiments. However, the 
results also show that the maximum oxygen atoms taken up per  gram of 
catalyst were directly related to  the bed length, i. e., the 2-gram catalyst 
bed, which was four times the length of the 1 /2-gram bed, reacted four 
times the oxygen atoms per  gram as  the shorter bed. 
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3.2.7.2 Reaction Rate a s  a Function of Temperature 
The effects of temperature variation at different reactant gas 
pressures  (total pressure of hydrogen plus oxygen) can be seen in F ig -  
ures  14 through 17. 
maintained at  75 psia (5.171 x 105 N/m2)  and the reactant mixture ratio 
was held at 4 moles of hydrogen per mole of oxygen. 
the diluent at the lower hydrogen-oxygen partial pressures.  
shows the reproducibility of a typical set  of experiments while Figures 15, 
16, and 17 relate the temperature effects at reactant gas (hydrogen plus 
oxygen) pressures  of 75, 20, and 7.5 psia (5.171 x 105, 1.379 x I O 5 ,  and 
5.171 x 104 N/m2), respectively. 
In these experiments, the total gas pressure was 
Helium was used a s  
Figure 14 
3.2.7. 3 Reaction Rate a s  a Function of Reactant Partial 
Pressure  and Total System Pressure  
The change in  the reaction rate at various temperatures a s  a function 
of the hydrogen-oxygen partial pressure can be seen in Figures 18, I 9  and 
20, which show the results obtained at -125O, -150° and -16OoC, (1480, 
1230 and 113OK), respectively. In all the experiments, the total system 
pressure was held at 75 psia (5.171 x 105 N/m2)  while the reactant gas 
(hydrogen plus ox gen) ressure  was varied from 7.5  to  75 psia (5.171 x 
system pressure f rom 75 to 30 psia at a temperature of -125OC (1480K). 
The hydrogen-to-oxygen-to-helium molar ratios were maintained at 1 6  t o  
40 to 55.5, respectively. It was found that at higher pressures ,  the reac-  
tion continues at a higher rate to a higher surface coverage. 
104 to 5.171 x 1 0  Y ! ?  N / m  ). Figure 2 1  shows the effect of varying the total 
3 .2 .7 .4  Reaction Rate a s  a Function of Soaking Environment 
The effects of various soaking environments on the hydrogen-oxygen 
reaction rate a r e  shown in Figure 22. 
816OC (10890K) for 4 hours had a strong depressing effect upon the reaction 
rate. Soaking in hydrogen at 816OC (10890K) for 5 hours had an intermedi- 
ate depressing effect while soaking in 10-6  t o r r  vacuum at 816OC (1089OK) 
for 5 hours resulted in  no effect upon the catalytic reaction rate. 
It was observed that soaking at  
3.2. 8 Emerimental  Studies with Engelhard MFSA Catalvst 
The following paragraphs describe the kinetic experiments with 
Engelhard MFSA 1 /16-inch catalysts e 
effects of reactant partial pressure,  temperature, and soaking environment 
with respect to reaction rate. 
These experiments evaluated the 
3.2.8, I Reaction Rate a s  a Function of Temperature 
The effect of temperature variation a t  different hydrogen-oxygen 
partial pressures  can be seen in Figures 23, 24 and 25. 
and the reactant mixture ratio was held at 4 moles of hydrogen per mole of 
oxygen. 
In these ex e r i -  
ments, the total  gas pressure was maintained at  75 psia (5.171 x 10 P N/m2)  
Helium was used a s  the diluent at  the lower hydrogen-oxygen 
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Figure 14. Reproducibility of Reaction Rate Measurements 
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Figure 1 5 B  Reaction Rate of the Hydrogen-Oxygen System as  a Function 
of Temperature, Total Reactant Gas Pressure  = 75 psia 
(5. 1711 X l o 5  N/M') 
42 
PT 75 PSlA (5.171 1 X lo5 N/M~)  
4.0 PSIA(2.7579 X lo4 N / M ~ )  A -125'C(148"K) 
2 0 -125'C (148°K) 
SHELL 405 ABSG p o 2  
16.0 PSlA (1.1032 X lo5 N/M ) 
55.0 PSlA(3.7921 X 105 N/M2) 
FEED RATE PER WEIGHT OF CATALYST = F / W  
F/W = 10.6 x 10 
'H2 0 -160'C (1 13°K) 
PHe 18 OXYGEN ATOMS 
GRAM - SEC 
2.0 CC PULSES 
0.5 GRAMS CATALYST 
0 
I I I I I I I I 
20 40 60 80 100 120 140 160 1 
OXYGEN ATOMS TAKEN UP PER GRAM OF CATALYST (X 
0 
Figure 16. Reaction Rate of the Hydrogen-Oxygen System a s  a Function 
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Figure 20. Reaction Rate as  a Function of the Hydrogen- 
Oxygen Par t ia l  Pressures  a t  -160OC (113'K) 
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partial pressures.. 
at reactant a s  (hydrogen plus oxygen) pressures  of 75, 20 and 7.5 psia 
Figures 23, 24 and 25 relate the temperature effects 
(5.171 x 10 E! 1.379 x 105, and 5.171 x 104 N/m2),  respectively. 
3.2. 8.2 Reaction Rate a s  a Function of Reactant 
Partial P r e s  sure  
It can be seen f rom Figures 23, 24 and 25 that no change in  the 
reaction rate with respect to surface coverage occurred at -1OOOC (173OK) 
when the partial pressures  of the reactant mixture were varied. At -125OC 
(148OK) and -150OC (1230K), the variations i n  the reaction rates with respect 
to surface coverage were well within the experimental limits of the appara- 
tus. 
3.2.8.3 Reaction Rate as a Function of Hydrogen- 
Oxygen Mixture Ratio 
The effect of the hydrogen-to-oxygen mixture ratio on the reaction 
rate with respect to  surface uptake of oxygen i s  shown in Figure 26. It was 
found that at a temperature of -125OC (148OK) the reaction rates  seemed to  
intersect at a surface coverage of 18 x 1018 atoms of oxygen per  gram of 
catalyst. 
varied f rom 1611 to 411. 
This occurred when the mole ratio of hydrogen-to-oxygen was 
3.2.8.4 Reaction Rate a s  a Function of Soak Environment 
The effects of various soaking environments on the MFSA 1/16- inch 
catalyst are shown in Figure 27. 
15 psia helium soak for 5 hours at 815OC (10890K) resulted in the most pro- 
nounced loss of catalyst activity at  -125OC (148OK). Soaking in oxygen for 
5 hours at 815OC (1089OK) and 15 psia (1.034 x 105 N / m 2 )  had the least  
detrimental effect on catalyst activity of any of the soak conditions evalua- 
ted, a s  shown in Figure 27. 
These data curves indicate that the 
3.2.9 Comparison of Shell 405 ABSG and Engelhard 
MFSA 1/15 -inch Catalysts 
In Figures 28, 29 and 30, the catalytic activity of Shell 405 ABSG 
catalyst is compared to that of Engelhard MFSA catalyst. 
sons were made under the same reactor conditions except that the hydrogen- 
oxygen partial pressures  were varied. 
temperatures below - 1 O O O C  (1730K), the Shell 405 ABSG catalyst was 
superior. 
appeared to  be as active as the Shell catalyst. 
These compari- 
In every case, it was found that at  
However, at - 1 O O O C  (173OK), the Engelhard MFSA catalyst 
3 . 3  CONCLUSIONS FROM EXPERIMENTAL RESULTS 
Based on the chemisorption measurements and pulsed flow reactor 
experiments, the conclusions pertinent to the design of a H2-02 catalytic 
reactor were : 
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The activity of both the Shell 405 and Engelhard MFSA 
catalysts, with respect t o  promoting low temperature 
H2-02 reaction, depends very strongly on the condi- 
tion of the catalyst surface. 
which i s  exposed to ambient air rapidly adsorbs oxygen 
which is  extremely detrimental to the activity of the 
catalyst. Indeed, it was found with both types of catalysts 
that it i s  essential t o  preadsorb a layer of hydrogen gas  
on a "cleaned" catalyst surface in order to  achieve appre- 
ciable H2 - 0 2  catalyst activity at temperatures below 
-25OC (2-48OK). To obtain an active catalyst surface in an 
H2-02 thruster system the following procedure is 
recommended: 
A freshly prepared catalyst 
(1) Operate the thruster  at a high H2-02 mixture ratio 
(ambient temperature ignition) for a period of seconds 
to  drive adsorbed oxygen off the catalyst. 
catalyst surface temperature below 18 O O O F  (-1 2 600K) 
during this operation. 
Keep the 
(2) Shut the engine down with a hydrogen lag and continue 
to purge hydrogen over the catalyst while it is cooling 
to ambient temperature. 
( 3 )  Exclude oxygen f rom the above treated catalyst prior 
to low temperature firing. 
(4) Initiate and terminate reactor operation with a hydro- 
gen purge. 
a The pulsed flow reactor experiments indicated that the 
Shell 405 catalyst has a greater  capacity than the MFSA 
catalyst to  promote H 
above -125OC (148'K) the MFSA catalysts appear to  be at 
least  equal to  and perhaps better than the Shell 405 catalyst. 
This latter result i s  surprising in light of the chemisorp- 
tion experiments which showed that the Shell 405 catalyst 
has  a much greater number of surface metal sites (per unit 
weight of catalyst) than the Engelhard MFSA catalyst. A 
possible explanation is as follows: 
O2 reaction at temperatures below 
-125OC (148OK). On t %- e other hand, at temperatures 
(1) The Shell catalyst particle with i ts  much greater  metal 
content i s  likely to  consist of a continuous o r  nearly 
continuous thermally conductive metal film supported 
by the high surface a r e a  alumina. On the other hand, 
the MFSA catalyst particle probably consists of small 
crystallites or islands of active metal which a r e  ther -  
mally insulated f rom each other by the supporting 
alumina. 
5 4  ' 
When H2 and 0 2  react t o  form water on an active 
site on the Shell 405 catalyst much of the heat of 
reaction i s  rapidly conducted away by the continu- 
ous metal film and, hence, localized hot spots within 
the catalyst particle a r e  minimized. On the other 
hand, the more thermally isolated active si tes on the 
MFSA catalysts promote hot spots within the catalyst 
particle. 
If reaction sites on the MFSA catalyst a r e  self-heated 
(because of reaction and/or chemisorption) much more 
rapidly than the bulk of the catalyst particle itself, 
then it is possible that the product of reaction (H2O) 
can be desorbed f rom the active sites and readsorbed 
on the alumina support, thus freeing the active sites 
to  promote further reaction. That is t o  say, at bulk 
particle temperatures well below the freezing point of 
water, it may still be possible for the water molecules 
t o  be transported from the- active reaction site to  some 
other part  of the catalyst pellet. 
supported by the observations that at temperaturs of 
-125OC (1480K) and above, on the Engelhard MFSA 
catalyst, many times more oxygen atoms were reacted 
than could be accounted for in te rms  of the total 
number of active metal sites present. 
This hypothesis is 
0 At temperatures up t o  815OC (1088OK) for time periods of 
several  hours, exposure of either the Shell o r  Engelhard 
catalysts to  high vacuum environments has little effect on 
either the surface structure o r  the catalysts o r  their  capaci- 
ty to promote low temperature H2-02 reaction. 
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4. CATALYTIC REACTOR EXPERIMENTS 
A ser ies  of reactor test firings were performed to determine the 
effects of vacuum on ignition delay time for each of the two candidate 
catalyst formulations. 
MFSA, were the same two types investigated during the laboratory studies 
described in  the previous report section. 
The catalysts evaluated, Shell 405 and Engelhard 
The objectives of this task 'were: 
Design and fabricate catalytic reactors for  each pressure 
level thruster. 
Establish ignition delay times for each catalyst type by 
reactor test firings. 
Q Determine the combined effect on reactor ignition delay 
caused by variables such as length of catalyst bed, 
vacuum environment, propellant and bed temperatures 
prior to ignition, and helium dilution of propellants. 
e Determine the most significant environmental conditions 
and the superior catalyst formulation for combined 
thruster /igniter optimization. 
The following paragraphs describe in detail the reactor hardware 
and test  procedures utilized, and discuss the experimental results obtained. 
4. 1 REACTOR HARDWARE DESCRIPTION 
A separate catalytic reactor was designed and fabricated for each 
thruster chamber pressure level, 10 and 100 psia (69 and 690 kN/m2). 
Each reactor was to incorporate extensive pressure and temperature 
instrumentation capability and to accommodate catalyst bed length 
variations. 
4. 1. 1 Low Pressure  Reactor Igniter 
The basic design of the igniter for the low chamber pressure thruster 
The igniter components were fabricated almost i s  illustrated in Figure 31. 
entirely f rom 1-inch (2. 54 cm) standard stainless steel fittings and tubing 
for ease of modification. Pre-mixing of the propellants was accomplished 
by injecting the oxygen radially through a ser ies  of orifices into the hydro- 
gen inlet flow. 
volume, mixing section, and diffusion bed. 
Further mixing of the gases occurs within the injection 
The igniter assembly required only two seals,  and the major com- 
ponents were threaded together as  indicated. The mixing section contained 
replaceable sleeve and orifice plate inserts , which provided the capability 
of changing the gas velocity through the mixing section to prevent flashback 
from the catalyst bed over the required range of propellant inlet temperatures. 
Variations in catalyst bed length were tested by inserting bed cartridge 
tubes of different lengths and changing the length of the adjustment spacer. 
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Reactor instrumentation ports were provided a t  the locations shown 
in Figure 31. Both pressure and temperature measurements were taken 
at  each location within the mixing zone, diffusion zone, catalyst bed, and 
downstream chamber by means of the tee fitting configurations illustrated. 
Additional temperature measurements were taken radially and circumfer - 
entially within the catalyst bed, as  shown in the section view at left. Bare- 
wire tipped Chromel/Alumel thermocouple probes were used for increased 
thermal r e  s pons e. 
The completed low pressure reactor assembly is  shown in Figure 32. 
From .A disassembled view of the same reactor is presented in Figure 33. 
left to right, the components are: 
bed cartridge, (3) catalyst (Engelhard MFSA shown), (4) catalyst retaining 
screen (welded to cartridge after loading), (5) diffusion zone spacer, (6) 
diffusion bed cartridge, (7)  stainless steel balls, (8) retaining screen, 
( 9 )  mixing section, and (1 0) injector assembly. The reactor readily accom- 
modated catalyst beds of various lengths and diameters, and the replaceable 
inserts within the mixing section facilitated modifications during the tes t  
program. 
(1) reactor body and exit tube, ( 2 )  catalyst 
4. 1. 2 High Pressure  Reactor Igniter 
The design concept for the high chamber pressure thruster igniter 
was identical to Figure 31, except that the overall size was reduced to one- 
half inch (1.27 cm) fitting and tube sizes. 
sure and temperature instrumentation and variation of catalyst bed configu- 
rations were also incorporated in this hardware. 
The same provisions for pres -  
The reactor assembly i s  illustrated in Figure 34, and a disassembled 
view is shown in Figure 35. (1) 
reactor body and exit tube, ( 2 )  spacer (changed to accommodate catalyst 
beds of varied lengths), (3) catalyst bed cartridge, (4) catalyst (Shell 405 
ABSG shown), (5 )  catalyst retaining screen, (6)  diffusion zone spacer, ( 7 )  
diffusion bed cartridge, (8) stainless steel balls, (9)  retaining screen, 
(10) mixing section, and (11) injector assembly. Numerous catalyst bed 
configurations were prepared for testing, as  described in subsequent 
sections of this report. 
From left to right, the components are: 
4 .2  TEST INSTALLATION AND PROCEDURES 
All testing was conducted at the TRW Systems Inglewood Test Site, 
The stand steam ejection system has a 120,000 C-2  altitude tes t  stand. 
feet (36580 m) simulated altitude ca ability. 
higher vacuum level, nominally 10-g mm Hg, were investigated by employ- 
ment of an auxiliary high vacuum chamber and associated pumping equip- 
ment, a s  described in the following paragraphs. 
The ignition effects of a 
4. 2. 1 Test Stand Installation 
The altitude test  stand installation of the low chamber pressure 
thruster igniter is shown in Figure 36. This photograph, taken with the 
steam ejection system vacuum cover retracted, shows the low pressure 
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catalytic reactor assembly mounted to the auxiliary high vacuum ignition 
chamber. 
nominally 10-5 mm Hg, level for selected ignition tests,  
ejection system. 
The auxiliary chamber was used to attain the high vacuum, 
The cell vacuum 
level, 0. 06 psia (413. 7 N / m  2 ) nominal, was provided by the existing steam 
The auxiliary vacuum chamber (Figure 36, left) had an opening in the 
downstream end sealed by a flapper plate hinged at the top. High vacuum 
ignitions were performed by pumping down the auxiliary chamber to the 
10-5 mm Hg level while the remainder of the cell was held at the vacuum 
level provided by the steam ejection system. 
flow was initiated, the flapper opened; however, the cell vacuum level was 
sufficient to maintain sonic flow at the reactor exit, and downstream pres-  
sures  were no longer critical. 
Immediately after reactor 
Figure 37 i s  an overall view of the altitude stand showing the auxil- 
iary high vacuum pumping console. 
roughing pump and a diffusion pump capable of achieving a pressure level 
of 10-6 mm Hg, and was connected to the reactor downstream auxiliary 
vacuum chamber shown in the right background of Figure 37 and in the 
close-up view of Figure 36. 
a t  the top of the console was used to monitor pump performance, and an 
ion gage (not visible in  the photograph) was installed near the high vacuum 
chamber to measure actual pressures just prior to ignition. The large 
cell cover shown in the left background of Figure 37 was rolled forward 
to enclose the entire stand installation prior to a l l  firings. 
This unit contained a mechanical 
An Alphatron vacuum gage shown in the line 
Figure 38 i s  a photograph of the high pressure reactor auxiliary 
vacuum chamber. 
while the chamber was pumped down. 
each auxiliary chamber to maintain the vacuum seal after the steam ejec- 
tion system had reduced the external pressure to 0. 06 psia (413. 7 N/rn2) .  
These springs were positioned to provide sealing force, yet allowing 
opening of the flapper with minimal pressure rise after onset of propellant 
flow. Qnce the flapper opened, the springs also served to retract  the plate 
away from the opening, a s  shown. 
of vacuum levels of 10-5 mm Hg. 
had the same cross-sectional a r eas  a s  the main thrust chamber throats, 
thus providing the same reactor downstream pressure levels that existed 
when the igniters were fired in the complete thruster assemblies. 
The hinged flapper plate sealed against the 11011 ring
The springs shown were added to 
This technique allowed the attainment 
In addition, the auxiliary chamber exits 
4. 2. 2 Reactor Test Procedures 
The test  procedures for the reactor experiments were selected to & 
insure maximum activity of the catalysts evaluated. Based upon the con- 
clusions of the laboratory catalyst activity investigations listed in Section 
3. 3, the following techniques were employed to remove and exclude oxygen 
from the catalyst surface: 
.-. 
F i g u r e  37. Auxi l ia ry  Vacuum P u m p  Ins ta l la t ion  F o r  a ta ly t ic  
R e a c t o r  High Vacuum Igni t ion T e s t s  (10- s: mm Hg,) 
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All catalytic reactor firings were conducted under 
vacuum conditions with a hydrogen lead (nominally 
10 milliseconds). 
Tests were terminated with a hydrogen lag, then 
purged with hydrogen to enhance catalyst activity 
by preabsorbing hydrogen on the catalyst surface. 
Low temperature ignition tests were preceded by 
operating the catalyst at elevated temperatures 
(pretreatment) to remove any absorbed oxygen, 
thus enhancing catalyst activity. 
The approved test matrix for the catalytic reactor tests is presented 
in  Table 13. 
4 . 3  EXPERIMENTAL RESULTS 
A total of 288 reactor test firings were conducted to evaluate the 
ignition characteristics of the Shell 405-ABSG and Engelhard MFSA 
catalysts a t  two vacuum ignition levels. 
in  Tables 14 and 15. The ignition effects of catalyst bed length, propellant 
and bed temperatures, and helium dilution of propellants were investigated. 
The following sections discuss the experimental data obtained with each 
pres  sure  level reactor,  and present the recommendations for catalyst 
selection based upon evaluation of overall results. 
Data f rom these tests a re  listed 
4. 3. I Reactor Test  Data 
The experimental data obtained from the low pressure and high pres- 
sure  catalytic reactor tests are summarized in  Tables 14 and 15, respec- 
tively. The three catalyst formulations evaluated were: 
ABSG, 14-18 mesh, ( 2 )  Engelhard MFSA 1/16 inch (0.159 cm) spherical, 
and (3)  a mixture of both the Shell 405-ABSG and Engelhard MFSA catalysts, 
as  recommended after analysis of the laboratory catalyst activity experi- 
mental results. 
described as follows: 
( I  ) Shell 405 - 
The low pressure reactor tests listed in Table 14 are 
Tests 737-755: Initial tests were conducted with a 0. 870-inch 
( 2. 21 cm) diameter by 0.50-inch (1. 27 cm) long Shell 405 bed. 
response and effluent temperatures were determined with ambient propel- 
lants at flow rates  f rom 2.5 to 1 0  percent of nominal thruster flow rates. 
Igniter 
Tests  756-762: These tests were performed to evaluate a 0. 25-inch 
(0.637 cm)  long Shell catalyst bed. 
4250°F (950°K) indicated this length bed was insufficient to support com- 
plete reaction with ambient temperature propellants at the flow rates tested. 
Reduced effluent temperatures of 
Tests 763-768: Using the same catalyst bed, tests were performed 
with -250°F (117OK) propellants. - Quenching of the reaction occurred on 
runs 766-768 with this bed length when flow rates were increased above 
5 percent of nominal thruster flows. 
72 
Table 13. Catalytic Reactor Tests  Minimum Test Matrix-Each Catalyst 
Ser ies  I-Low P r e s s u r e  Reactor Tests  
Matrix ,+ Vacuum Propellant Bed He in 0 2  He i n H z  Bed 
Element Level** Temp. Temp. Dilution Dilution Length 
No. H, L O F  (OK) OF (OK) %He % H e  L l , L 2  
1 L 7 0  (294) 7 0  (294) 0 0 
2 H 
3 L 1 1  25 10 
5 5 4 
5 
1 1  I I  I I  1 1  
I I  
1 1  I I  1 1  
I I  25 I 1  I I  
6 I I  -100 (200) -100 (200) 0 0 
8 I I  -250 (117) -250 (117) 0 0 
9 
10 
11 -20 
I I  25 10  I 1  I I  7 
I I  25 10 
5 5 
I I  1 1  
1 1  I I  11 
Repeat 1 - 10 above with increased catalyst bed length 
Series 11-High P r e s s u r e  Reactor 
21 -40 Repeat elements 1-20 above for  high pressure reactor. 
* 
** 
indicates the lower vacuum level as provided by the latitude cell stream 
ejection system, and "HI1 indicates the higher vacuum ignition level to be 
attained by diffusion pumping of a sealed volume at the reactor exit. 
After onset of propellant flow, a sonic condition existed, and maintaining 
the higher vacuum level was not necessary. 
One o r  more  tests were conducted for  each matrix element. 
Two different vacuum levels m o r e  maintained for ignition only: l1LI1 
L1 
1 1  
1 1  
I I  
1 1  
I I  
I t  
I ?  
I I  
I I  
L2 
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Tests 769-776: Engelhard MFSA catalyst was evaluated with ambient 
Response times increased and effluent tempera- temperature propellants. 
tures decreased compared to the Shell catalyst tests. 
pressures during these tests were less  than 50 percent of the bed inlet 
pressures measured during the Shell catalyst tests 747-755. 
Note that bed inlet 
Tests 777-782: Repeated above tests with a 0. 268-inch (0.681 cm) 
diameter igniter throat added to increase bed pressures ,  which improved 
response and increased effluent temperatures at same mixture ratios as 
tests 769-776, 
Tests 783-787: Tested Engelhard catalyst with -250OF (1 17OK) propel- 
lants and bed initially a t  ambient. 
flow continued and bed temperatures were reduced at the upstream end of 
the catalyst bed. 
Reaction was initiated, but quenched as  
Tests 788-792: Evaluations of I. 0-inch (2.54 cm) long bed of 
Engelhard catalyst. 
without an igniter throat, a s  catalyst bed drop was sufficient to increase 
bed inlet pressure. 
Satisfactory response and temperatures were attained 
Tests 793-796: Quenching occurred when the same catalyst bed was 
tested with propellants at -25OOF (117'K), a s  predicted from the laboratory 
catalyst investigation results. 
Tests 797-800: Added igniter throat, thus increasing pressures,  
improved response compared to tes ts  788-792. 
Tests 801 -807: Same configuration, satisfactory ignitions attained 
with 1 O O O F  (2000K) propellants, and helium dilutions of 25 percent He-02 
and 10 per cent He-H2. 
25 percent &-e2 and 1 0  percent He-Hz with ambient temperature pro- 
pellants. 
Tests 808-81 1: Ignitions attained with helium dilutions as  high a s  
Tests 812-813: Engelhard catalyst tests with -250OF (I 170K) propel- 
lants - ignition with ambient bed but not with catalyst bed prechilled to  
-250°F (117OK) , a s  expected f rom ear l ier  results. 
Tests 814-818: Tests with Shell catalyst, 1. 0-inch (2. 54 cm) bed 
length, flow rate excursion with pure, ambient propellants resulted in 
s a ti s fact or y ignitions . 
Tests 819-821: Ignition attained with 25 percent He-02 and 10  percent 
He-Hz, with ambient and -250°F (1 17OK) propellants. 
Tests 822-828: Ignitions with Shell catalyst attained with -250OF 
(I 17OK) bed and propellants, except at 25 percent He-02 dilution. 
81 
Tests 829-835: Tests with Engelhard catalyst and igniter throat. 
Ignitions attained with pure and 25 percent He-O2$ 10 percent He-H2 
dilute propellants . 
Tests 836-838: Same catalyst bed, no ignition with -250OF (1 17OK) 
propellants, except initial reaction with ambient bed. 
Tests 839-853: Evaluations of 0. 50-inch (1. 27 cm) long Shell 
catalyst bed with igniter throat. 
for test  848 (low MR),  and tests with 25 percent He-02 - dilution, verifying 
the results of runs 822-828. 
Ignition attained at -250OF (117OK) except 
Tests 988-1018: Tests performed with a mixed bed of Shell and 
Engelhard catalysts. Ignitions attained at -1000F (2000K) and with helium 
dilutions to 25 percent H e - 0 ~ ~  but no ignitions with higher flow ra tes  and 
-250OF (1 17OK) propellants, indicating that the bed length was insufficient 
for reaction at these conditions. 
Results of the high pressure catalytic reactor tests listed in  Table 15 
were as  follows: 
Tests 854-862: Ignitions were  attained with a 1. 0-inch (2. 5 4  cm) 
long Shell catalyst bed at propellant dilutions to  50 percent He-02 and 
10  percent He-Hz. 
Tests 863-871: Same catalyst bed tested with -2500F (1170K) pure 
and dilute propellants- ignitions not consistent at reduced mixture ratios,  
indicating that higher mixture ratios are required at these propellant 
temperatures . 
Tests 872-875: Tests with ambient propellants and reduced mix- 
ture ratios resulted in satisfactory ignitions. 
Tests 876-884: Igniter throat of 0. 090-inch (0. 216 cm)  diameter 
added, same catalyst configuration-ignitions attained with ambient pro- 
pellants and dilutions to 50 percent He-02. 
Tests 885-896: Mixture ratio and flow rate  excursions with -250OF 
(1 17OK) propellants, no ignitions attained at M R  of 0. 826 o r  below with 
pure propellants, o r  with 25 percent He-02. 
Tests 897-913: Engelhard catalyst evaluations, 1. 0-inch (2. 54 cm) 
bed length, no igniter throat. 
to 25 percent He-02 and propellant and bed temperatures of -100OF (20OOK) 
but not at -25 O O F  ( I  170K). 
Ignitions attained at ambient with dilutions 
Tests 914-935: Same Engelhard catalyst bed, but 0. 090-inch (0. 216 
cm) diameter igniter throat addeci. 
compared to tests 897-913 but limits of ignition remained unchanged with 
respect to propellant dilutions and temperatures. 
Reactor response improved 25 percent 
82' 
Tests 936-950: Mixed bed tes ts ,  0. 50-inch (1. 27 cm) of each 
(Shell and Engelhard) catalyst with igniter throat. 
with -250°F (117OK) propellants with response times a s  long. as 16 
s e conds 
Marginal ignitions 
Tests 951-966. Shell catalyst bed, 0. 50-inch (1. 27 cm) long, no 
igniter throat. 
but not with dilute conditioned propellants with this bed length, indicating 
the need f o r  increased bed lengths. 
Ignitions attained with pure propellants at -2500F (I 17OK), 
Tests 967-978: Same catalyst configuration, igniter throat added. 
No significant change in response o r  ignition limits compared to tests 
95 1-966. 
Tests 979-997: Engelhard catalyst, 0.50-inch (1. 27 cm) bed 
length, igniter throat added. Satisfactory ignitions attained with dilutions 
of 50 percent He-02 with ambient propellants, pure -lOO°F (2000K) pro- 
pellants, but not at -250°F (117OK). 
Typical computer plotted temperature data from these tests a r e  
presented and discussed in the following data evaluation. 
of all valid thermal response data from the reactor tests listed in Tables 
14 and 15 have been included in Appendix B of this report. 
Additional plots 
4. 3. 2 'Reactor Test Data Evaluation 
Analysis and evaluation of the reactor test  data were performed to 
establish the effects of variations of catalyst bed configuration and opera- 
ting conditions on reactor response characteristics. The results of these 
evaluations are discus sed in the following sections. 
4. 3. 2. 1 Response Effects of Propellant Flow Rate 
Some of the experimental results obtained from low pressure reactor 
tests using Shell 405 ABSG 14-18 mesh catalyst a r e  presented in Figure 39. 
The data plotted in  the figure i s  from a ser ies  of igniter tes ts  made with 
varied total propellant flow rates  through a fixed 0. 50-inch (I. 27 cm. ) long 
catalyst bed configuration. 
cated that main thruster ignition could be attained with a range of igniter 
flow rates from 2 to 10 percent of main injector flows, provided the effluent 
temperature was above the autoignition temperature of the mixed propellants. 
The curves in Figure 39 indicate that the same final effluent temperature - 
(TE) was attained after approximately f ive seconds of reactor operation 
independent of flow rates;  however, the minimum time required to achieve 
steady-state effluent temperatupe increased a s  the flow rate through the 
catalyst bed was reduced, 
identically for each flow rate and a re  shown as  a single curve (TBED). 
Previous ignition energy level tests had indi- 
The catalyst bed temperatures responded nearly 
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Results of these tests indicated that, for the particular catalyst bed 
configuration tested, delay time in attaining the effluent temperature 
required for main thruster ignition could be reduced by increasing igniter 
flow rates. 
drops across  the catalyst bed and increased supply pressure requirements. 
Bed inlet pressures for a range of igniter flow rates through different bed 
lengths of Shell 405-ABSG catalyst a r e  presented in Figure 40. 
specified contractual propellant supply pressure of 16 psia (110 kN/m ), 
a s  noted in the figure, limits the maximum flow rate for each catalyst 
bed length. 
However, the increased flow rates result in higher pressure 
The 
4. 3. 2. 2 Response Effects of Catalyst Bed Length 
Figure 41 i s  a correlation of thermal response data from reactor 
ignition tests with three different bed lengths of Shell 405-ABSG catalyst. 
Each of these tests was erformed at  propellant flow rates corresponding 
pressure system. Normalized temperatures (T/To)  were plotted to com- 
pare thermal response independently of final reaction temperatures. The 
curves in Figure 41 indicate that a longer catalyst bed resulted in increased 
time required to reach near steady-state (0.95 To) temperatures compared 
to a shorter bed (same diameter and propellant feed pressure).  
results were anticipated, since increasing the mass of catalyst also increases 
the bed thermal lag due to greater heat capacity of the bed. Highest response 
is indicated for the one-quarter inch bed, although this length was not suffi- 
cient for complete reaction of the propellants. 
to the 16 psia (llOkN/m f ) maximum inlet pressure available for the low 
These 
4. 3. 2.3 Response Effects of Vacuum Ignition Level 
Thermal response data from successive tests at two vacuum ignition 
levels are presented in Figure 42. 
pressure reactor runs at each vacuum level show excellent repeatability 
and indicate that the higher vacuum level had no significant effect on igni- 
tion delay and response, The lower set  of curves in Figure 42, plotted 
f rom 0. 25-inch (0.635 cm) bed data, indicates more variation in run-to- 
run thermal response than the 1.0-inch (2.54 cm) bed data, apparently 
because the shorter bed was not sufficient for complete reaction of the pro- 
pellants. Although the final bed exit temperature obtained for the 10-5 mm 
Hg vacuum ignition tes t  i s  somewhat lower than for the 0. 06 psia (413. 7 
N/m2)  tes t ,  effect of vacuum level at ignition does not appear to be signifi- 
cant f rom this data. 
vary in thermal response with the short catalyst bed, a s  shown in the figure. 
Data points from back-to-back high 
Two ignition tes ts  a t  the same vacuum level also 
4. 3. 2.4 Res,ponse Effects of Reaction Pressure  
Initial low pressure reactor tests were performed with a 0.50-inch 
(1. 27 cm) catalyst bed length and a "throatless" igniter exit. The data 
plotted in Figure 43 reveals that the average steady-state catalyst bed 
reaction pressures  without an  exit throat for the Engelhard MFSA 1/16 
inch (0. 16 cm) spherical catalyst were less  than 50 percent of the bed 
pressures  measured fo r  a Shell 405-ABSG, 14-18 mesh catalyst bed of 
the same diameter and length. 
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In order to compare the reaction rates of both catalyst types at 
similar pressures,  a throat insert was fabricated and installed in the 
igniter exit, a s  depicted in Figure 44. 
to provide an igniter chamber pressure equal to the main thruster Pc at 
a nominal igniter flow rate of 5 percent of main thruster flow. 
ing average bed pressures (center curve, Figure 43) a r e  only slightly lower 
than the corresponding bed pressures of the Shell catalyst with no throat. 
The throat diameter was sized 
The result-  
Correlation of low pres sure reactor thermal response data obtained 
from tests with identical bed configurations of Shell 405-ABSG and 
Engelhard MFSA catalysts i s  presented in Figure 45. The figure legend 
identifies the curves for the different bed pressures ,  attained by varying 
the igniter flow rates. The Engelhard catalyst tests incorporated the 
throat insert  to ra ise  the bed pressures to levels comparable to the Shell 
catalyst experiments, The results indicate that at these initial tempera- 
tures and pressures,  both catalyst types a re  nearly identical in thermal 
response. Also, a marked increase in response time with decreased 
pressure for each catalyst is indicated in Figure 45. 
4. 3. 2. 5 Response Effects of Low Temperature Propellants 
Low temperature data correlations a r e  presented in Figures 46 to 
48 for each catalyst formulation. Figures 46 and 47 compare the response 
of the Engelhard MFSA catalyst at  ambient temperature and -75OF (2140K), 
respectively. 
times at  different flow rates,  a s  indicated. 
Each of these figures also compares the thermal response 
Figure 48 compares the thermal response of a Shell 405-ABSG cata- 
lyst bed at initial temperatures from ambient to -230OF (1280K). 
response time at -2300F (1280K) is double the time required to reach near 
steady-state temperatures f rom 72OF (296OK), about 5 seconds compared 
to 2-1/2 seconds. 
response a t  -15O0F (172OK) i s  nearly equal to the ambient temperature 
bed response. 
The 
Of particular interest  is the fact that the thermal 
Typical computer plotted data f rom this experimental ser ies  a r e  
shown in Figures 49 through 57. 
ra tes  a r e  noted on each plot. 
Location of the thermocouples and flow 
Additional data a r e  included in Appendix B. 
Figures 49 to 51 indicate the effects of varied flow rates  with a 0. 50- 
inch (1. 27 cm) bed of Shell 405-ABSG at ambient temperature conditions. 
Note the marked decrease in response a s  flow rates are reduced from 10 
to 2 percent of nominal thruster flows. 
Figures 52 to 54 present low temperature response data obtained 
with the Shell 405-ABSG catalyst. Comparison of upstream bed thermo- 
couples, Tbl ,  and Tb4, in Figures 52 and 53 indicate that reaction occurs 
further downstream in the 1. 0-inch (2. 54 cm) catalyst bed a s  flow rates 
a r e  increased from 2 percent to 5 percent of nominal thruster flows. A 
subsequent tes t  at 10 percent flow rates resulted in no sustained reaction. 
Low temperature reactions were also attained with a 0. 50-inch ( 1. 27 cm) 
long Shell catalyst bed, a s  indicated by Figure 54. 
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No reactions were achieved with the Engelhard MFSA catalyst when 
Initial reaction would occur when lower temperature propellants 
both initial catalyst bed and propellant temperatures were below - 100°F 
(2i)OOK). 
fir st  contacted an ambient bed of Engelhard catalyst, but eventual "flameout" 
would result, as shown in Figure 55. 
Engelhard catalyst were attained a t  a l l  temperatures above -1 O O O F  (200°F) 
with pure propellants. Figure 56 presents typical data indicating sustained 
reaction a t  -75OF (2140K) with a 0. 50-inch (1.27 cm) bed of Engelhard 
MFSA 1 /16 inch (0. 16 cm) catalyst. 
However repeatable ignitions with 
4. 3. 2. 6 Response Effects of Propellant Helium Dilution 
Effects of helium dilution of propellants on ignition with each catalyst 
formulation were also investigated by using supply containers of certified 
mixed gases. Dilutions by weight of 5,  25, and 50 percent He i n 0 2  and 
5 and 10 percent He in H2 were evaluated. 
reaction was sustained with maximum He-02 dilutions of 25 percent a t  low 
pressure and 50 percent with the high pressure igniter. 
temperatures,  reaction was significantly affected by helium dilution of the 
oxygen supply, a s  indicated by Figure 57. 
10 percent by weight in the hydrogen proved to have little effect on the 
reaction with either catalyst, except that higher reaction temperatures 
were attained because of the resultant increase in 0 2 / H 2  mixture ratio. 
At ambient temperatures,  
However, at  low 
Helium dilutions of a s  high as  
4. 3. 2. 7 Mixed Catalyst Bed Evaluations 
In addition to the evaluation of the Shell 405-ABSG and Engelhard 
MFSA catalysts over the range of operating conditions described, a ser ies  
of tests at each pressure level was performed with a mixed bed including 
both catalyst types. 
(1. 27 cm) of Shell catalyst upstream of 0. 50 inch (1. 27 cm) of Engelhard 
catalyst, separated by a screen to prevent migration. Mixed beds were 
tested as  a means of attaining the low temperature ignition capability of 
the Shell catalyst and increased reaction rates at temperatures above 
-lOO°F (200°K), but no advantages were observed compared to a homogen- 
eous bed of Shell 405-ABSG catalyst. 
These bed configurations consisted of 0. 50 inch 
4. 3. 3 Summary and Recommendations 
A summary of the catalytic reactor experimental results is presented 
in Table 16. The tes t  conditions which resulted in reactor ignition, a s  
listed in  the table, define the limits of operation for each catalyst formula- 
tion at the pressure levels evaluated. 
tests and laboratory investigations, exposure of the catalysts to high vacuum 
environments prior to ignition had no significant effect on the reaction rate 
o r  low temperature ignition capability. 
Also, a s  indicated by the reactor 
Based upon these experimental results, one catalyst formulation and 
one vacuum level were recommended for combined thruster /igniter testing. 
Since no effects of high vacuum exposure were evident, subsequent tests 
108 
were performed at steam system vacuum levels of 120, 000 feet (36580 m) 
simulated altitude. 
for a l l  subsequent testing for the following reasons: 
Shell 405-ABSG 14-1 8 mesh catalyst was recommended 
Reaction was achieved at -250°F (1 17OK) with the Shell 
405-ABSG catalyst, while the Engelhard MFSA catalyst 
did not sustain reaction below - l O O ° F  (200OK). 
Engelhard MFSA catalyst, o r  a mixed bed of the Shell 
and Engelhard catalysts, did not exhibit any increased 
activity at elevated temperature, or any other observ- 
able advantages, compared to a homogeneous bed of 
Shell 405-ABSG catalyst. 
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5 COMBINED THRUSTER/IGNITER TESTS 
A ser ies  of 484 test firings was conducted during this phase of the 
The specific objectives of this task 
program to investigate the thrusterl igniter interactions and overall 
thruster operating characteristics. 
effort were a s  follows: 
Design and fabricate a complete thruster for each 
chamber pressure 
Determine minumum igniter energy level requirements 
for satisfactory ignition of each thruster 
Evaluate catalyst bed geometry effects on thruster /  
igniter response 
o Establish steady- state baseline performance for each 
thruster 
e Conduct pulse mode tests with -250°F (117OK) conditioned 
propellants 
The following report sections describe in detail the thruster hard- 
ware, and discuss the various types of test firings conducted and the 
experimental results. 
5. 1 THRUSTER HARDWARE DESCRIPTION 
A complete injector and thrust chamber assembly was designed and 
fabricated for each chamber pressure level, 10 and 100 psia (69 and 
690 kN/m2). 
modifications to the hardware appear in the discussion of the test  se r ies  
during which the changes were performed. 
The basic thruster hardware is described in this section; 
5.1.1 Thruster Injectors and Ignition Chambers 
The design concept for the low pressure injector is shown in Fig- 
u re  58, and is typical of both main thruster injectors. In the basic con- 
figuration, gaseous propellants were injected through continuous annular 
orifices into the combustion chamber. 
adjustable by means of calibrated flat shims, a s  shown. 
capability allowed optimization of both absolute and r e l a t k e  propellant 
injection velocities 
These orifices were independently 
This adjustment 
Additional injection techniques, such as impinging doublets of any 
number, could also be evaluated with the same basic injector -by removing 
the adjustment shims and bottoming the annular orifices after milling slots 
in the metering surfaces of the injector sleeve (Figure 58). 
was designed for  ease of fabrication to allow a nurnber of orifice config- 
urations to be readily evaluated, if desired. 
The sleeve 
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Because both propellants were injected a s  gases, the usual required 
pressure drops for liquid injectors did not apply. 
were of primary consideration in determining injection area requirements. 
The injection Mach numbers for the two pressure levels of operation a r e  
given below, assuming equal pressure drops for both propellants e 
Instead, velocity cri teria 
2 p = 1 0  psia (69 kN/m ) 
C 
AP 
1 (6.9) 
2 (13.8) 
3 (20.7) 
4 (27.6) 
5 (34.5) 
M 
0.37 
0.52 
0.63 
0.71 
0.78 
P = 100 psia (690 kN/m 
C 
A P  
p s i  (kN/m2) 
5 (34.5) 
10 (68.9) 
15 (103.4) 
20  (137.9) 
25 (172.4) 
At propellant inlet temperatures of -250°F (117OK) the velocities for 
these A P  levels range from 1000 to 2120 f t /sec (305 to 646 m/sec)  for 
gaseous hydrogen at the low pressure operation to 735 to 1550 f t /sec 
(224 to 472 m/sec)  at the higher pressure. 
'velocities range from 170 to 359 f t /sec (52 to 109 m/sec)  a t  the low 
pressure and 124 to 252 f t /sec (38 to 77 m/sec)  a t  100 psia  (690 kN/m2) 
operation. It is evident that sizeable injection velocities are achieved 
with little pressure drop. Initial injection Mach numbers of 0 .6  were 
selected for each propellant for both thrusters, resulting in injection 
pressure drops of nominally 3 p s i  (20.7 kN/m2) fo r  the low pressure 
injector and 25 p s i  (172.4 kN/m2) for the high pressure thruster injector. 
The gaseous oxygen injection 
The catalytic igniter was mounted in the center of the injector and 
thermally isolated f rom the main injector by an insulating seal. 
gaseous oxygen was injected nearest  the center of the chamber, to provide 
an oxidizer- rich environment for optimum reaction with the fuel- r ich 
(O2/H2 mixture ratio 1:1) igniter plume. Additional pure oxygen was 
injected directly into the igniter plume to facilitate ignition by drilling the 
optional orifices into the oxidizer manifold, a s  shown in Figure 58. 
The 
An annular undercut about 0.050 inch (0 .127  cm) deep was made im- 
mediately upstream of the gaseous hydrogen injection orifice a s  a means 
of controlling injector recirculation gas flow to minimize heat transfer to 
the gaseous oxygen injection area.  Injection of the hydrogen between the 
main oxygen orifice and the chamber wall provided a favorable fuel-rich 
wall environment to minimize heat transfer to the chamber. 
feed manifold was designed so that additional hydrogen could be injected 
for chamber cooling by drilling orifices a s  indicated in Figure 58. 
The hydrogen 
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The completed injectors for each pressure level a r e  shown in Fig- 
u re  59, with the low pressure injector on the left. 
oxidizer (inner gap) and fuel (outer gap) injection orifices can be seen in 
the figure, Also shown a r e  the center inlet ports  for the igniters and the 
seal rings and mounting bolt holes for the thrust chambers. 
kN/mz) thrusters a r e  shown in Figures 60 and 61, respectively. 
left to right, the detail parts for each are :  (1) fuel manifold assembly, 
(2) fuel injection orifice adjustment shims, ( 3 )  injector sleeve, (4)  oxidizer 
orifice shims, (5) oxidizer manifold assembly, and (6) assembly screws 
and washers. 
injector; any weld o r  seal  leakage would vent externally of the injector or  
thrust chamber 
The adjustable annular 
The disassembled injectors f o r  the 10  and 100 psia (69 and 690 
From 
No interpropellant welds or  seals were used in either 
The first set  of thrust chamber hardware was designed for the igni- 
Although these firings were al l  ,performed under tion energy level tests. 
vacuum conditions, no thrust measurements were to be taken, thus no 
altitude nozzle extensions were required. 
were fabricated with steel sections and copper nozzles for each pressure 
level. 
Workhorse thrust chambers 
Figure 62 is a ,view of both thrusters disassembled. The component 
parts of each thruster,  left to right, are:  ( I )  retaining ring, ( 2 )  nozzle 
section, (3) chamber sections, and (4 )  injector assembly. Seal gaskets 
and assembly bolts a r e  not shown in this figure, 
Both thruster assemblies a r e  shown in Figure 63, with the low 
'pressure thruster on the left. The larger propellant line on each thruster 
is the gaseous hydrogen inlet, and the smaller line is the gaseous oxygen 
inlet. Pressure  ports were provided in each propellant manifold to mea- 
sure injection pressures,  Each thrust chamber had two sections to pro- 
vide the variable chamber volumes required f o r  testing. Chamber pres- 
sure instrumentation ports were incorporated into the downstream chamber 
section of each thruster. 
pressure thrust'chamber is a view 'kindow" to allow use of an IR detector 
to indicate main thruster ignition. Four rows of holes 90 degrees apar t  
were drilled in each copper nozzle section. 
junctions were peened into these holes to provide capability of both axial 
and circumferential heat flux determination in the nozzle convergence and 
throat a reas  a 
The lucite rod shown extending from the high 
Chromel/alumel thermocouple 
5 e 1 e 2 Altitude Thrust Chambers 
Baseline performance tests required the determination of impulse 
response and the measurement of altitude thrust and specific impulse. 
Nozzle expansion ratios of 4 0 : l  were specified for  the performance tests.  
Design of altitude thrus t  chambers incorporated test  experience obtained 
with the workhorse chamber hardware used for the ignition tes t  ser ies .  
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The altitude chamber design for the high chamber pressure thruster 
is shown in Figure 64. 
nozzle were machined into a single piece of copper stock, 
capability of the copper was more than adequate to attain the required 
20-second run durations. 
ports were provided in the chamber walls. 
used in the ignition tests were compatible with the diameters and seals 
of the altitude chamber hardware, and were utilized to perform chamber 
L:; variation tests. 
The combustion chamber and 40:1 a rea  ratio 
The heat sink 
Redundant chamber pressure instrumentation 
The separate chamber sections 
Design of the low pressure altitude thrust chamber is presented in 
Figure 65. 
and a stainless steel  nozzle assembly. 
by spin-forming of a welded metal cone. 
a flange, and the assembly was bolted to the copper chamber. 
steel split back-up plates were utilized to insure uniform loading of the 
crush gasket seals. 
The chamber assembly consisted of a copper heat sink chamber 
The nozzle skir t  was fabricated 
The nozzle was then welded to 
Stainless 
Both of the altitude chamber nozzle contours were machined a s  
Design and performance analyses had shown that for constant radii. 
thrust chambers of this size, a Rao optimum contour could be approximated 
by constant throat and nozzle radii without significant performance losses. 
In fact, for srnall nozzles, the difference between the Rao optimum con- 
tour and a constant radius is often within normal machining tolerances. A 
single nozzle radius greatly reduces the time and expense of preparing 
machining templates, and this design technique was utilized for a l l  alti- 
tude tes t  hardware during this program. 
The completed altitude thrust chambers for  each pressure level 
a r e  shown in Figure 66, along with the mating injectors. The low pressure 
thrust chamber hardware, near  the top of the photograph, consisted of a 
chamber and nozzle assembly. Shown below is the one-piece high pressure 
thrust  chamber. 
Both altitude thruster assemblies a r e  shown in Figure 67. The igni- 
t e r s  for each thruster a r e  not included in this photograph. Major compo- 
nents of the low pressure thruster,  at the left, were bolted together, 
utilizing stainless steel  split back-up plates. The high pressure injector 
was attached to the one-piece chamber by cap screws threaded into steel 
inserts in the copper thrust chamber. Crush gaskets were used to p r e s -  
sure  seal both thrust chamber assemblies. Each thruster was provided 
with two chamber pressure measurement ports (one visible in Figures 66 
and 67, and the other directly opposite). Chromel/alumel thermocouple 
junctions were peened into holes drilled in the copper chambers prior to 
initiation of test  to obtain both outer and inner wall temperatures for heat 
flux determination. Thermocouples were also welded to the low pressure 
thruster nozzle extension for additional thermal data acquisition. 
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Figure 67. Main Thruster Assemblies - Altitude Nozzles 
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5.2 IGNITJON ENERGY LEVEL TESTS 
Thrusterligniter tests were performed to characterize the energy 
level requirements for ignition of a nomha l  20 lbf (89N) 02/H2 thruster. 
The objectives of this test  ser ies  were: 
Conduct ignition test  firings to establish rninimum igniter 
flow rates and effluent temperatures required to insure 
main thruster ignition a t  each pressure level. 
Determine the effect on ignition energy requirements and 
ignition delay caused by variables such a s  thrust chamber 
volume, propellant temperatures and dilutions, and lead 
o r  lag of igniterlthruster valves e 
The following paragraphs describe the test installation and proce- 
dures employed, and discuss the experimental results obtained. 
5.2.1 Test Description 
The propellant supply and conditioning system used for a l l  thruster/  
igniter testing is shown in Figure 68. 
basically the same). 
chamber pressure thruster is shown in Figure 69. 
with the vacuum cover retracted, shows the thruster, propellant f i re  
valves, and the propellant bleed valves used to condition propellants and 
to  insure pure propellant flow for ignition tests. 
(H2 system shown-02 system 
The C-2 altitude test  stand installation for the low 
This photograph, taken 
Figure 70 is a closeup view showing the high pressure thruster 
injector and thrust chamber, and the workhorse igniter attached to the 
center of the main injector. Stand installation of both chamber pressure 
thrusters utilized the same propellant feed system and valves, and required 
only the changing of pressure transducers for the higher pressure operation. 
Workhorse igniter hardware was used for this test ser ies  to establish 
design criteria for the reactors described in Section 4.1 of this report. 
The thruster hardware is described in detail in Section 5.1. 
The igniter assembly used for  the low chamber pressure ignition 
tests, shown in Figure 71, was constructed f rom standard stainless steel 
fittings and tubing f o r  ease of modification. A single instrumentation port 
downstream of the catalyst bed was used for both pressure and temperature 
measurement, a s  shown in the illustration, A similar por t  was added to 
the upstream mixing tube for  positive detection of flashback. 
Figure 72 shows the workhorse high pressure igniter assembly used 
fo r  these tests, Disassembled components of the igniter a r e  shown in 
Figure 73.  From left to right, the details a re :  (1) combustion chamber 
and nozzle, (2) bed holder with pressure and temperature instnunentation, 
(3) catalyst bed retaining screen and sleeves (4) catalyst, (5) diffusion bed 
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REACTOR BODY 
&-------MOUNTING 
F i g u r e  72. W o r k h o r s e  Ign i t e r  Assembly -  
High P r e s s u r e  T h r u s t e r  
F i g u r e  7 3 .  D i s a s s e m b l e d  Workhorse  Igni te r  - 
High P r e s s u r e  T h r u s t e r  
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retaining screen and sleeve, (6) steel ball diffusion bed, (7) upstream 
retaining screen, (8) mixing chamber, (9) mixing orifice, and (10) injection 
chamber and inlet lines. 
igniter allowed rapid and very inexpensive changes in catalyst bed config- 
urations and propellant mixing velocities 
The use of standard tubing and fittings for the 
The approved test  matrix for performance of the ignition energy 
level tests is presented in Table 17, 
pressure level were determined by varying the igniter flow rate and/or 
effluent temperature e 
Ignition limits at each chamber 
5.2.2 Discussion of Results 
All thruster ignition energy level test  results a r e  summarized in 
Table 18, except for checkout tests of the igniters only. 
the thruster ignition tests follow. 
Descriptions of 
Test  449: Main thruster ignition was achieved on the first test a t  
100 psia (690 kN/m2) chamber pressure. However, flashback of the 
combustion flame front upstream through the igniter occurred. 
to the injector itself was observed. A reduction in diameter of the igniter 
mixing volume was made to prevent recurrence of flashback by increasing 
throughput velocities to greatly exceed the theoretical flame ,velocity. 
No damage 
Tests 466-470: Ignition of the 1 0  ps i a  (69 kN/m2) thruster was not 
attained on initial tests with a 0. 228-inch (0 .  579 cm) diameter igniter 
throat, evenwithigniter flow rates as high a s  50 percent of thruster flow. 
The evolution of the final low pressure igniter exit configuration 
is illustrated, left to right, in Figure 74. The throat section at the left 
was designed with an extended exit to avoid combustion gas  recirculation. 
The next igniter configuration (center of Figure 74) was fabricated by 
machining out the throat and welding a screen and deflector plate to the 
end of the open 1 -inch (2.54 cm) OD igniter exit tube. The intent of this 
modification w a s  to deflect the igniter effluent gas radially outward to 
intersect and react  with the main thruster propellant streams. 
The final igniter exit design was the most successful and the 
simplest to fabricate of the configurations tested, Shown at the right 
in Figure 74, this igniter tip is a squared-off standard 1-inch (2. 54 cm) 
OD stainless tube. 
this open tube provided a flow of lower-velocity fuel-rich igniter reaction 
gases nearer  to both the primary sheet and secondary orifice oxygen injec- 
tion s t reams of the main thruster, which a,ppeared to promote ignition. 
Use of a %hroatless" igniter a lso allowed operation of the igniter a t  lower 
propellant supply pressures,  which was an  essential goal of the 1 0  ps i a  
(69 kN/m2) chamber pressure thruster development. The igniter t ip  
shown in the photograph (Figure 74, right) was used for a l l  of the low 
pressure ignition tests, plus numerous igni ter  -only firings, and remained 
in excellent condition. 
Compared to the igniter throat of the initial design, 
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Figure 74. Workhorse Igniter Exit Configurations -Low 
Pressure  Thruster Ignition Energy Tests 
Tests 474-504: Successful ignitions were attained by removing the 
igniter throat and adding a screen/deflector over the exit (center, Fig- 
ure  74) * 
flow rate. 
Igniter flow rates were varied from 6.4 to 9.4 percent of th-mster 
Tests 505-511: No ignitions were achieved with the same configura- 
tion when igniter effluent temperatures were below 17300F (12160K). 
Ignition w a s  attained a t  TE = 17500F (12280K). 
Tests 525-534: Satisfactory ignitions were attained at  a l l  effluent 
temperatures above 17500F (12280F) with igniter flow rates f rom 1 to 
10 percent of thruster flow. 
(Figure 74, right) was incorporated for these tests, in conjunction with 
the optional secondary oxidizer injection orifices (described in Sec- 
tion 5.1.1). 
the main oxidizer manifold a t  a 45-degree angle with the center axis to 
inject 10 percent of the oxygen into the fuel-rich igniter plume upstream 
of main propellant sheet impingement. This modification was intended 
to raise the local mixture ratio and resulting temperature of the igniter 
effluent gases p r io r  to reaction with the main propellants. 
oxygen injection orifices can be seen in Figure 75 as  four equally spaced 
holes in the annular area between the center igniter tube exit and the 
main oxidizer injection gap. 
The open tube igniter exit configuration 
Four 0.090-inch (0.229 cm) diameter holes were drilled into 
The secondary 
Tests 547-555: Low pressure thruster ignitions were attained with 
- 100'F (200OK) ,propellants a t  effluent temperatures above 1791OF (12500K) e 
Lower effluent temperature resulted in no ignition on tes t  547, 
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Figure 75. Injector Face of Low Pres su re  Thruster Modified to 
Include Secondary Oxygen Injection Orifices 
Tests 561-568: Ignition with -250°F (117OK) propellants was attained 
on runs 561 and 567, where effluent temperatures were 1859OF (12880K) 
o r  higher. 
(tests 562, 568). 
No  ignitions occurred at lower effluent temperatures 
Tests 574-610: Low pressure thruster dilute propellant tests re- 
sulted in no ignition with helium dilutions of 25 percent or more in the 
main oxygen supply. 
Tests  61 8-625: High pressure thruster ignitions were attained with 
ambient temperature propellants a t  all igniter flow rates f rom 2 to 10  per- 
cent of total thruster flow rate, but only at effluent temperatures above 
1250°F (950OK). 
Tests 649-688: High pressure thruster ignitions were attained with 
helium diluted main propellants except with 50 ,percent helium in oxygen. 
Tests 689-696: Ignition with -25O0F (117OK) propellants required 
increasing effluent temperatures to aver 14300F (1050OK) ., 
Tests 700-715: Propellant temperature of -lOO°F (2000K) a lso 
required higher effluent temperatures for ignition, compared to ambient 
temperature propellant tests (618-625) e 
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Test 716: This tes t  was conducted to evaluate the use of an IR 
detector cell to indicate main thruster ignition response. 
test  a r e  described in the following data evaluation, 
Results of this 
5 . 2  ~ 3 Data E.valuation and Analysis 
After both pressure level thrusters had been modified to incorporate 
secondary oxidizer injection and "open tube" igniter exits, successful igni- 
tions were achieved over a range of igniter flow rates f rom 2 to 10  percent 
of thruster flows e 
Figures 76 and 77 were traced from oscillograph recordings of typi- 
cal ignition tests a t  each chamber pressure level. These records show 
that main thruster ignition was attained upon onset of main hydrogen flow 
(an oxidizer lead of 0.035 second was employed for the tests shown), a s  
indicated by the main injection pressure and chamber pressure traces.  
Shown in Figure 76 is the output of an IR detector cell directed through a 
5vindowr1 in the thrust chamber, which further verified the occurrence of 
main thruster ignition. Minimum igniter effluent temperatures required 
f o r  ignition of ambient temperature main propellents were found to be 
12500F (9500K) for the high pressure thruster and 1750°F (12280K) for the 
low pressure thruster.  Repeatable ignitions with no delays w e r e  achieved 
even at  igniter flow rates a s  low as  1 percent of thruster flow, a s  long 
a s  these minimum temperature requirements were met. 
These experimental results appeared to be inconsistant with the 
concept of a minimum energy ignition requirement, since the energy, or 
enthalpy input, is a function of the igniter flow rate a s  well a s  the effluent 
temperature. 
The enthalpy rate difference above the autoignition temperature of 
l l O O ° F  (922OK) is: 
Although ignitions were attained at  WI from 2 to 10 percent of thruster WT, 
a t  the same minimum. TE, the energy inputs a r e  quite different: 
.02 W C (TE - TAI) << .10 W C (TE - TAI) (4) T P  T P  
where the WT, Cp, and (TE - T ) t e rms  a r e  equal on each side of the 
equation. It is expected that igniter flow rates could be reduced to a point 
where ignition would not occur even a t  'very high effluent temperatures. 
However, for the conditions experimentally evaluated during this program, 
the primary requirement for  ignition was found to be a minimum igniter 
effluent temperature rather than an energy limit. 
AI 
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The geometry of the igniter exit and main injector configurations 
was also determined to be critical in attaining thruster ignitions. In 
analyzing the effects of the secondary oxidizer injection modification, 
the mixing model shown in Figure 78 was utilized. 
that injection of pure oxygen into the fuel-rich (mixture ratio 1:I) effluent 
gases increases the local resultant gas temperatures a s  high a s  3800O to 
50000F (23670 to 3033OK) upstream of the main propellant injection point. 
These temperatures a r e  the theoretical 02-HZ combustion temperatures 
assuming complete reaction of the secondary oxygen flow with the igniter 
effluent gas over the 2 to 1 0  percent igniter flow rates, a s  illustrated in 
Figure 79. 
peratures (stoichiometric mixture ratio) occurred with igniter flow rates 
of 1 to 2 percent of thruster flow reacting with 10 percent of the main 
oxygen injected through the secondary oxidizer orifices. 
in Figure 79 reveals that increasing the secondary oxygen injection flow 
to 20 percent would result in maximum local reaction temperatures with 
-4 percent igniter flow rates. 
The model indicates 
This figure indicates that maximum local combustion tem- 
The dotted curve 
Figure 80 presents the resultant chamber gas temperatures prior 
to ignition calculated from the following enthalpy balance assuming uni- 
form mixing of the igniter effluent and main injector oxygen and hydrogen 
flows : 
) t W  c (TO2 - TMix) 
WIgniter (TEffluent - TMix O2 PO2 
The lower curve in Figure 80 indicates the resultant temperatures ( T ~ i x )  
of the chamber gases for various igniter flow rates. 
were also calculated f rom Equation (5), but a r e  based on the assumption 
that a l l  of the igniter effluent and secondary oxygen flows react before 
mixing completely with the main thruster propellants. These resultant 
temperatures a r e  significantly higher than the gas  mixture temperatures 
with no secondairy oxygen flow, but a r e  still well below the autoignition 
temperature of -11000F (922OK). 
ing of the igniter effluent and main thruster gases occurs at  a rate greater 
than the rate of reaction (thus allowing homogenous mixing) no ignition 
can be attained. 
The upper curves 
It was therefore concluded that if mix- 
The injectorligniter configurations employed during this experimen- 
tal  effort achieved successful ignitions over a wide range of propellant 
temperatures.  
mum igniter effluent temperatures is shown in Figure 81. The higher 
effluent temperature requirement for ignition of the low pressure thruster 
was later experimentally determined to be a pressure effect by operating 
the high pressure thruster a t  pressures a s  low a s  12 ps i a  (83 kN/m2). 
The effect of propellant inlet temperatures on the mini- 
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The igniter effluent temperatures of 1800°F (12560K) required for ignition 
a t  these pressures were nearly identical to the temperatures required for 
ignition of the low pressure thruster. 
with two different chamber characteristic lengths, L: of 20 and 30 inches 
(50.8 and 76.2 cm), revealed no effects of chamber volume on ignition 
characteristics e 
valve leads from 10 to 35 milliseconds. 
Tests of each pressure level thruster 
Ignitions were attained with oxidizer/fuel propellant 
A surnmary of a l l  thruster/igniter test conditions resulting in igni- 
tion during this test series is presented in Table 19. 
ment for thruster ignition was experimentally determined to be a mini- 
mum igniter effluent temperature for each thruster pressure level, as 
listed in Table 19. 
tions of 25 o r  50 percent byweight for  the low pressure tests,  o r  with 50 pe r -  
cent He-02 a t  the higher pressure. The helium-hydrogen dilutions tested, 
5 and 10 percent by weight, were ignitable at  both pressure levels. Igni- 
tions were achieved with each thruster a t  propellant temperatures a s  low 
a s  -2500F (1170K) and at  igniter flow rates f rom 2 to 1 0  percent of total 
thruster flow e 
The primary require- 
Ignition was not attained with helium in oxygen dilu- 
The ignition energy level test ser ies  defined the requirements for  
thruster ignition a t  each chamber pressure level, and determined the 
effects of propellant temperature and dilution on ignition limits e These 
experimental results provided the necessary design criteria for the cataly- 
tic reactor igniters used fo r  a l l  subsequent testing during the program. 
5.3 IGNITER BED OPTIMIZATION TESTS 
The next thruster/igniter test ser ies  was conducted to investigate 
the effects of catalyst bed design variations on the overall thruster opera- 
ting characteristics, Specific objectives of the test ser ies  were: 
e Perform thruster/igniter test firings to establish the 
ignition delay and impulse response times fo r  various 
catalyst bed L/D ratios and downstream volumes. 
e Determine the optimum catalyst bed configuration for 
each pressure level thruster at  selected propellant 
inlet conditions (temperature and helium dilutions) e 
The test installation, hardware configurations, and experimental 
results a r e  presented and discussed in the following sections,, 
5.3.1 Test Description 
The altitude thrust chambers (40:1 nozzle expansion ratios) described 
in Section 5.1.2 were first used during this test series.  
ments were taken to determine impulse response times. 
igniter hardware used for these tests was described in detail in Sec- 
tions 5.1.1 and 4,1, respectively. 
Thrust measure- 
The thruster and 
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T a b l e  19. S u m m a r y  of I g n i t e r  E n e r g y  Level Tests 
Test  Condit ions Resul t ing  in M a i n  T h r u s t e r  Ign i t ion  
Low Pc Thruster High Pc Thruster 
Minimum i g n i t e r  
e f f l u e n t  temperature 
I g n i t e r  flpw rates 
(% of  thruster flow) 
Helium d i l u t i o n  i n  
oxygen (wt .  %) 
Helium d i l u t i o n  i n  
hydrogen  ( w t .  %) 
Propel lant  inlet 
t e m p e r a t u r e s  
1750°F 
( 1 2  2 8 O K )  
1* - 10% 
5% 
5,  10% 
70, -100, -25OOp 
( 2 9 4 ,  200, 117'K) 
1250°F 
(950 OK) 
2 - 10% 
5, 25% 
5, 10% 
70, -100, -250°F 
( 2 9 4 ,  200, 1 1 7 ' K )  
* 
The 1% flow re su l t ed  during a test intended f o r  2% i g n i t e r  
flow rates. 
high Pc l eve l .  
No 1% i g n i t e r  f l o w  tests were performed a t  t h e  
i 46 
2 Test stand installation of the 10 psia (69 k N / m  ) chamber pressure 
altitude thruster/ igniter is illustrated in Figure 82. 
was a rigid frame supported f rom above by thin metal  flexures. 
pended mass of the stand was limited to the thruster itself, minimal alu- 
minum supporting structure, and only those pressure transducers requiring 
close-coupling to achieve maximum response. The all-welded cryogenic 
f i re  valves were mounted to the fixed portion of the stand and connected to 
the injector through mesh- sheathed metallic bellows flex lines, as shown 
in the photograph. By these techniques of minimizing the spring mass  of 
the system, high frequency response thrust measurements were achieved. 
The same thrust stand and propellant feed system was utilized for the 
100 ps i a  (690 kN/m2) hardware. 
The thrust mount 
The sus- 
The load cell remote calibration apparatus is shown in Figure 83. 
Calibrated weights (certified to be within 1 gram of nominal) were sup- 
ported by a motor-driven platform. 
step calibration of the load cell a t  any time before and/or after firings 
while simulated altitude conditions were maintained. 
Four weights wired together enabled 
Each of the catalyst bed configurations tested a t  the low chamber 
pressure level a r e  displayed in Figure 84. 
a t  left contained 0.870-inch (2.21 cm) diameter beds of 0.25, 0.50, and 
1 .0  inch (0.635, 1.27, and 2.54 cm) lengths. 
The three catalyst cartridges 
Second from right is a reduced diameter bed cartridge, 0.620-inch 
(1.575 cm) diameter, which provided a catalyst bed of one-half the cross-  
sectional a r e a  previously tested. 
cartridge to center the bed within the igniter body. The final configuration 
(extreme right, Figure 83) was the longest catalyst bed evaluated, 1.48 in- 
ches (3.76 cm). 
retain the catalyst. 
Spacers a r e  welded to each end of this 
Screens were welded over each end of the cartridges to 
Shown in the background of Figure 84 a r e  the diffusion zone spacer 
(slotted to admit a thermocouple probe), stainless steel bal l  diffusion 
bed, and additional spacers used to retain the shorter catalyst cartridges 
within the igniter housing. The ball diffusion bed, incorporated in the 
initial reactor design to prevent flashback by increasing local velocity and 
by flame quenching, was not used with the 1. 48-inch (3.76 cm) long catalyst 
bed. No flashback occurred, however, indicating that the flow velocity 
through the igniter mixing section was sufficiently above the flame velocity 
to preclude flashback. An additional purpose of the diffusion bed was to 
enhance propellant mixing prior to catalyst bed reaction. No  bed streaking 
or  other indication of insufficient mixing was observed without this bed, 
further signifying that it may be possible to eliminate the diffusion bed with 
the existing igniter design. 
The high pres sure  catalyst bed configurations tested a r e  illustrated 
in Figure 85. 
a r e  the catalyst cartridges for the 0.50-inch (1.27 cm) long nominal and 
reduced diameter beds, andthe 1.0- and 1.5-inch (2.54 and 3.81 cm) long 
nominal diameter beds. 
Shown from left to right in the foreground of the photograph 
The nominal catalyst bed diameter for the 100 psia  
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igniter is 0.430-inch (1.09 cm). 
0.305-inch (0.775 cm), provided a catalyst bed of one-half the cross- 
sectional area for  test evaluation. The 1.5-inch (3.81 cm) long catalyst 
bed was tested without the ball diffusion bed with no igniter flashback or 
other adverse effects e 
The reduced diameter cartridge, 
Catalyst bed optimization tests with each pressure level th rus te r  
were performed a t  propellant temperatures of +70° and -250°F (294O and 
117OK). 
during this test  series.  
in Table 20. 
these tests, based on previous results (Section 4.3.3). 
The effects of helium diluted main propellants were also evaluated 
The approved test matr ix  for this task is presented 
The Shell 405 ABSG catalyst formulation was selected for 
5,3.2 Discussion of Results 
Additional low pressure thruster tests were performed during this 
ser ies  with the modified injector design shown in Figure 86. 
s t ream injection of the main oxygen flow was intended to promote better 
mixing of the propellants. 
and a 36-slot aluminum oxidizer injection orifice ring a r e  shown in 
Figure 87. 
Se,parate 
The modified injector stainless steel sleeve 
Figure 88 shows the injector face with the slotted oxidizer injection 
orifice ring installed. 
annular sheet. 
seen equally spaced about the center igniter exit tube. 
sheet oxidizer injection orifice configuration is shown for comparison in 
Figure 89. 
The hydrogen is injected radially inward a s  a full 
The four drilled secondary oxygen injection orifices can be 
The continuous 
Cold flows using gaseous nitrogen and helium were made with both 
the separate oxidizer s t ream and full annular low pressure injectors, 
and also with the high pressure injector. 
interferograms of these flows a r e  shown and compared in Figure 90. 
interferograms a r e  analogous to topographical maps, in that each line is 
indicative of a change in composition of the gas, just as  each line on a 
topographical map signifies a change in elevation. Therefore, the flows 
in (b) and (c) of Figure 90 a r e  interpreted to be more homogeneous or 
better mixed than the flow in (a).  Based on these interferograms, which 
indicated that the gas mixing characteristics of the multiple oxidizer 
s t ream low pressure injector w s more nearly similar to the higher 
uate the modified injector. 
configuration presumably because the hydrogen, injected radially inward 
a s  shown in Figure 85, penetrated between the oxygen s t reams too readily 
and quenched the igniter effluent before ignition could occur. The fact 
that ignition would not occur with the improved propellant mixing tends 
to  substantiate the conclusion presented ear l ie r  in Section 5.2. 3:  that 
ignition would be precluded if the mixing rate exceeds the reaction rate 
of the igniter/main thruster gases. The continuous sheet injection con- 
figuration was used for a l l  subsequent low pressure thruster tests,  
Double-exposure holographic 
These 
performing 100 ps ia  (690 k N / m  P ) injector, tests were performed to eval- 
Ignition was not achieved with this injector 
152 
Table 20. Task IVB-Igniter Bed Optimization Tests 
Matrix Chamber Propellant He in 0 2  He in H2 
Element'' P re s su re  & Bed Temp. Dilution Dilution 
No e Level OF (OK) % He '$ He 
1 Low 70  (294) 0 0 
2 Low -250 (117) 0 0 
3 Low 70  (294) 25 1 0  
4 Low 70  (294) 25 0 
5 Low 70  (294) 0 0 
6 Low -250 (117) 0 0 
7 Low 70 (294) 25 1 0  
8 Low 70  (294) 0 0 
9 Low -250 (117) 0 0 
1 0  Low 70  (294) 25 1 0  
11 Low 70 (294) 0 0 
1 2  Low -250 (117) 0 0 ,  
Repeat 14-20 for high Pc  level thruster  13-24 
Catalyst Down st ream 
Bed L / D  Volume 
1 1 
I 1 
1 1 
1 1 
2 1 
2 1 
2 1 
3 1 
3 1 
3 1 
1 2 
1 2 
1,293 L* 1 , 2  
* 
One o r  more tests were conducted for  each matrix element. 
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(a) 10 p s i a  Pc Thruster In j ec to r  
F u l l  Annular gap in j ec t ion  
o r i f i c e s  f o r  both propel- 
l a n t s  (nominal gap thick- 
ness  .050") 
Flow --s- 
(b) 10 p s i a  Pc Thruster I n j e c t o r  
Same as (a)  above, except 
center  ox id izer  i n j e c t i o n  
gap changed t o  a r i n g  of 
36 rectangular  o r i f i c e s  of 
equivalent flow area. No 
change i n  f u e l  i n j e c t i o n  
o r i f i c e  from ( a ) ,  
Flow 
(c)  100 p s i a  Pc Thruster In j ec to r  
Full annular gap i n j e c t i o n  
o r i f i c e s  f o r  bo th  propel- 
l a n t s  (nominal gap thick- 
ness .015"> 
Flow 
Figure 90,  Double-Exposure Holographic Interferograms of G02 /GH2 
Injectors Us ing  GHZ/GHe as Simulant Flow Mediums - 
Both Gases Flowing Simultaneously 
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Test data f rom the bed optimization ser ies  is presented in Table 21. 
Descriptions of these tests a r e  a s  follows: 
Tests 1024-1030: No ignitions were attained with the 36-slot low 
as described previously. Pc injector configuration shown in Figure 88, 
Test  1031: Low chamber pressure injector configuration was changed 
to continuous sheet oxidizer injection (Figure 89). 
at an effluent temperature of 16480F (1171OK). 
No ignition was attained 
Test 1032-1034: Same configuration was used, successful ignitions 
were attained a t  effluent temperatures as low a s  1639OF (1166OK) when 
igniter flow rate was reduced to 2 percent of thruster flow (test 1034). 
Test  1035-1038): No ignitions of the low Pc thruster were achieved 
with a n  igniter throat of 0.170 inch (0 .432  cm) diameter added. 
Tests 1039-1046: A reduced diameter catalyst bed, 0.620 inch 
(1.58 cm) diameter was evaluated, and no significant change in response - 
times was observed, compared to  tes t s  1032I1034. 
Tests 1047-1052: A longer catalyst bed, 1.48 inch (3.76 cm) by 
0.870-inch (2.21 cm) diameter, was evaluated. Effluent temperatures of 
over 1927OF (1326OK) were required fo r  ignition with pure, ambient tem- 
perature propellants. No ignitions were attained with dilutions of 25 per- 
cent heliwn in oxygen. 
Tests 1053-1056: Reduced chamber length tests were conducted, 
repeating tests 1032-1034. 
volume on thruster ignition characterist ics were evident. 
No significant effects of reduced chamber 
Tests 1057-1061: High chamber pressure thruster ignitions were 
attained with a 0,430-inch (1.09 cm) diameter by 0.50-inch (1.27 cm) long 
catalyst bed at igniter effluent temperatures as low a s  1234OF (941OK). 
Tests 1062-1069: Reduced diameter catalyst bed tests resulted in 
no ignition a t  effluent temperatures below 1500°F (1089OK). 
Tests 1070-1079: High PC thruster tests with a 1.50-inch (3.81 cm) 
long catalyst bed resulted in an  80 percent increase in igniter response 
times compared to tests 1060-1061. 
dilutions of 25 percent helium in oxygen. 
No ignitions were attained with 
Tests 1080-1090: Reduced chamber tests indicated that increased 
effluent temperatures of over 1700°F (120O0K were required for ignition 
a s  Pc was decreased to 12.1 ps i a  (83.4 k N / m  h ) .  
Figure 91 is a correlation of the bed response data from Table 21. 
This log-log data plot indicates that igniter response time generally de- 
creased a s  the square of the igniter flow rate for each fixed bed config- 
uration, and increased as nearly the one-half 'power of the catalyst bed 
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length fo r  a fixed igniter flow rate a t  each Pc level. 
of the bed would be expected to increase linearly with the mass  of catalyst 
(or length, for beds of the same diameter), however, the increased average 
bed pressure caused by the higher pressure drop across  the longer catalyst 
bed causing the loss of response time to be less would be predicted based 
upon bed mass differences only. No decrease in response time is evident 
fo r  the reduced diameter beds a t  either pressure level, although the mass  
of catalyst in each case is approximately one-half that of the nominal diam- 
eter bed of the same length. 
The thermal response 
Igniter response time 'versus igniter flow rate per unit of catalyst 
bed cross-sectional a r ea  is presented in Figure 92. This correlation 
reveals that the nominal catalyst bed data a t  both pressure levels fall 
on a straight line on a log-log plot, and that response times decrease a s  
the square of Tbigniter/Abed, similar to Figure 91. Increased length 
catalyst beds at each pressure level resulted in longer igniter thermal 
res'ponse times compared to the nominal beds, with the reduced diameter 
bed data falling in between, as shown in Figure 92. 
A summary of the catalyst bed optimization test  results in presented 
in Table 22. 
thruster chamber pressure level to investigate the effects of diameter 
changes and bed length on the overall thruster response time. Ignition of 
the thrusters  at onset of main propellant flows was achieved with each of 
the configurations tested. However, a s  indicated in Table 22, the longer 
catalyst beds exhibited increased delay times (Figures 91 and 92) and high- 
e r  temperatures within the catalyst bed in achieving the minimum effluent 
temperature required for thruster ignition. A higher igniter effluent tem- 
perature was required for  main thruster ignition at  both pressure levels 
with the reduced diameter catalyst beds. 
case was attained with the shorter,  nominal diameter bed configurations, 
0 .870  inch ( 2 . 2 1  cm) and 0.430 inch (1.09 cm). 
5 , 4  BASELINE PERFORMANCE TESTS 
Three different bed configurations were evaluated a t  each 
Best overall performance in each 
Thruster/ igniter baseline performance tests were conducted at 
The objectives of these tests were as each chamber pressure level, 
follow s : 
e Establish baseline thruster /igniter response characterist ic s 
e Measure steady- state altitude performance (thrust, C::, 
and scpecific impulse) 
Based on the results of the bed optimization test  ser ies ,  a fixed 
igniter bed and thruster configuration was selected for the baseline tests 
at each pressure level. These configurations, test conditions, and experi- 
mental results a r e  described in the following paragraphs. 
162 
/ 
I 
- 
S O N 0 3 3 5  - 'dW31 l N 3 n l J 3 3  31VlS-haV31S 56' 01 3 W l l  3SNOdS38 
163 
Table 22. Summary of Experimental Results --Igniter 
Bed Optimization Tests  
Chamber 
Pres s u r  e 
10 p s i a  
69 kN/m2) 
t 
100 p s i a  
69 OkN/m2)  
Catalyst Bed Confi 
Length 
,50" 
(1.27 cm) 
.50 
(1.27) 
1.48 
(3.76) 
.50 
(1.27) 
.50 
(1.27) 
1.50 
(3.81) 
Diameter 
.870" 
(2 .21  c m )  
620 
(1.575) 
.870 
(2.21)  
.430 
(1.09) 
a 305 
(. 775) 
(1.09) 
,430 
mat ion 
L/D 
.58 
.81 
1.70 
1..16 
1.64 
3.49 
Resul ts  
Good thermal response, lowest 
effluent temperature required 
for  t h r u s t e r  i gn i t i on .  
Higher e f f luen t  temperature r e -  
quired for  t h r u s t e r  i gn i t i on .  
Longest thermal l ag ,  higher bed 
temperatures required f o r  th rus-  
ter  ign i t ion .  
Good thermal response, lowest 
e f f luen t  temperature required 
f o r  t h r u s t e r  i gn i t i on .  
Higher e f f luent  temperatures re- 
quired f o r  t h r u s t e r  i gn i t i on .  
Longest thermal lag,  higher bed 
temperatures required f o r  thrus-  
ter i g n i t i o n ,  
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5.4. 1 Description of Test Conditions 
Baseline performance tests were performed a t  the following pro-  
pellant inlet conditions : 
Propellant temperatures - t7Oo, - 100°, -250°F 
(294O, ZOOo,  117°K) 
Helium dilution in oxygen - 0, 5, 25 percent by weight 
Helium dilution in hydrogen - 0, 5, 1 0  percent by weight 
Tests with 50 percent He-02 were deleted from this test ser ies ,  
since ignition had not been achieved in previous tests with this dilution. 
Ignition could potentially have been attained with these amounts of He in 0 2  
by greatly increasing the 02/H2 mixture ratio, However, an overall thrust-  
e r  mixture ratio of 2.  5 was specified for all testing under this contract. 
The thruster/igniter configurations selected for the baseline per- 
formance tests a r e  defined in Table 23. 
bed length was selected after analysis of the catalytic reactor test  results, 
which indicated that this length was superior for  low temperature and 
dilute propellant reaction. 
uration was also selected for the baseline test ser ies .  
The 1.0-inch (2.54 cm) catalyst 
The open-tube (no throat) igniter tip config- 
Table 23. Baseline Thruster Configurations 
Low Pressu re  
Thruster 
High P res su re  
Thruster 
e Igniter bed diameter 0.870 inch (2.21 cm) 0.430 inch (1.09 cm) 
o Igniter bed length 1.00 inch (2.54 cm) i o  00 inch (2.54 cm) 
Throat diameter 1.228 inch (3.119 cm) 0.385 inch (0.978 cm) 
Chamber L:k 30 inch (76.2 cm) 30 inch (76.2 cm) 
Nozzle expansion ratio 40:1 40:1 
5.4.2 Discussion of Results 
Baseline performance test results for each chamber pressure level 
thruster a r e  presented in Table 24. 
correct  performance a r e  discussed in detail in Appendix C. Figure 93 
indicates the correlation between the corrected combustion efficiencies 
determined by thrust and chamber pressure  measurements. 
The methods used to determine and 
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DATA POINTS FROM TABLE 24 
80 85 90 95 100 
y*(Pc) 
Figure 93.  Comparison of Thrust and Chamber 
Pressure  C* Measurements 
167 
Since attainment of maximum thruster performance was not an 
objective of this investigation, no extensive optimization of injection 
velocities o r  relative momentum ratios was conducted. However, a 
limited number of baseline tests were performed at  different fuel injec- 
tion orifice gaps (each thruster injector incorporated gap adjustment 
capability, a s  described in Section 5.1 1). 
Descriptions of the baseline tests follow. 
Test 1102-1105: High chamber pressure tests w e r e  performed 
to determine repeatability of steady-state measured performance, both 
C+ and specific impulse. These tests were performed with ambient 
temperature propellants at nominal oxidizer and fuel injection gaps 
of 0.011 inch (0.028 cm) and 0.016 inch (0.041 cm), respectively. 
Tests 1111-1113: These tests were conducted to determine the per- 
formance effects of varying the propellant momenturn ratio by changing 
the oxidizer injection gap from 0.011 to 0.009 inch (0.028 to 0.023 cm). 
Both Is and C:: increased approximately 1.5 percent compared to tests 
1 1 0 2 - 1 ?O 5. 
Tests 1117-1118: High chamber pressure baseline tests were per- 
formed with helium diluted propellants. 
sulted in a 2 percent performance degradation compared to tes ts  1102-1105 
with pure propellants and identical injection gaps. 
Dilutions of 5 percent He-02  re- 
Tests 1132-1134: These high Pc baseline tests were performed with 
pure ambier$ temperature propellants and nominal injection gaps. 
formance results based on thrust and pressure measurements showed good 
agreement (note q C$FS q c*p 
Tests 1152-1161: Propellants were conditioned to -lOO°F (2OOOK) 
and -2500F (117OK) for these baseline tests.  
4 to 8 percent lower than ambient tests 1132-1134, but was aver 92 per- 
cent of theoretical performance at  these propellant temperatures. 
Per -  
columns). 
C 
Measured performance was 
Tests 1167-1168: Initial low chamber pressure baseline performance 
tests were conducted with pure ambient propellants and oxidizer and fuel 
injection gaps of 0.044 inch (0,112 cm) and 0.053 inch (0.135 cm), re- 
spectively. 
equilibrium C$&* 
Measured performance was nominally 85 percent of theoretical 
Tests 1181-1183: Fuel injection velocities were increased for these 
tests by reducing the fuel injection gap to 0.028 inch (0.071 cm), resulting 
in a 5 percent increase in measured thruster performance. 
Test 1185: A test was conducted a t  an intermediate fuel gap of 
0.034 inch (0.081 cm) to determine performance effects. 
decreased approximately 2 percent compared to tests 1 181 - 11 83. Performance 
168 
Test 1193: This low chamber baseline test  was performed with pro- 
pellants a t  -25O0F (117OK). 
equilibrium C* for these propellant temperatures e 
Measured performance w a s  89 percent of 
Figures 94 and 95 compare the high chamber baseline performance 
results with theoretical performance for these pro,pellants e 
and 97 indicate the variation in impulse and C:: performance with injector 
pres sure ratios e 
Figures 96 
Low chamber pressure baseline performance data a r e  presented 
Performance a s  a function of injection pressure ratios (Fig- 
in Figures 98 and 99, along with theoretical performance values for this 
Pc level. 
ures  100 and 101) also indicates increased impulse and C:: performance a s  
oxidizer/fuel injection pressure ratios were reduced. 
5 . 4 . 3  Pe rfo rmanc e Summar y 
A summary of the baseline performance, including the effect of 
increased fuel injection velocities on performance of the low pressure 
thruster, is presented in Table 25. Measured vacuum performance is 
included for tests conducted with propellants a t  ambient and -250OF 
(11 7OK) e 
5 percent by weight, but not with 25 percent helium dilution of the oxygen 
supply. 
ignitable a t  both chamber pressure levels. 
5.5 THRUSTER PULSE MODE TESTS 
Thruster ignition was attained with helium- oxygen dilutions of 
Helium-hydrogen dilutions of 5 and 1 0  percent by weight were 
The purpose of this test ser ies  was to determine the pulse mode 
performance characteristics of each thrus te rlignite r configuration. 
specific objectives of the test ser ies  were: 
The 
Perform pulse mode test firings to establish performance 
and response tirnes for each pressure level thruster 
e Determine the effects on the thrust profile caused by 
varying the propellant lead/lag durations 
Evaluate the effects of modifying the pulse mode duty 
cycles (rronlf time versus 'foff" time) 
The thrusterligniter configurations selected for  the baseline per- 
formance tests were also used for  this test ser ies ,  
matr ix  f o r  these tests is presented in Table 26. 
The approved test 
5,5,1 Test Description 
The thruster pulse mode tests were performed with pure hydrogen- 
oxygen propellants conditioned to -2500F (117OK) and the igniter catalyst 
bed initially at  ambient temperature. Required duty cycles of 200 msec 
on/100 msec  off were performed for each pressure level thruster. Two 
additional pulse duty cycles were evaluated fo r  each thruster: 100 msec  
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Table 26. Thruster Pulse Mode Tests Minimum 
Test Matrix 
Propellant inlet temperature: -250°F (1 17OK) 
Catalyst bed/thruster temperature: initially at ambient 
Matrix Puls e Igniter Propellant 
Elemgnt Duty Operational Lead/ c cle::::: Mode:::;* La :: *: * No.' 
I 1 1 1 
2 1 2 1 
3 I 3 1 
4 1 1 2 
5 2 1 2 
6 3 1 2 
7-12 Repeat 1-6 for 2nd Pc level thruster 
:: 
One o r  more tests were conducted for each matrix element. 
.b 4. , ., 
Pulse duty cycle No. 1 was 10 pulses of 200 m s  duration each with 
100 ms off time a s  specified. 
time versus ''off" time) were selected for evaluation after analysis 
of initial pulse mode data. 
igniter flows, continuous operation of the igniter bet ween main thruster 
pulses, and igniter fuel flow only between pulses. 
Two additional duty cycles (IIon" 
.b d. .L .,. .,. .,. 
Three igniter operational modes were evaluated: pulsing of both 
179 
on/100 msec  off and 500 msec on/500 msec off for  the low pressure 
thruster;  150 msec  on/150 msec off and 500 msec on/500 msec off for  
the high pressure thruster. 
Electronic sequencing control equipment was designed and assembled 
for  the pulse mode tes t  series. 
into the pulse control console to allow for precise setting of igniter and 
thruster  propellant valve lead/lags over the maximum ranges anticipated. 
Variable lead/lags between the igniter and main thruster valves were also 
pre- set by simple panel adjustments. 
Variable delay circuits were incorporated 
Three separate pulse operational sequences were evaluated, as ShOwn 
in Figure 102.  Main thruster pulse mode tes ts  with continuous igniter pro- 
pellant flow, pulsed igniter oxidizer flow, and pulsing of both igniter flows 
were conducted. Main oxidizer to fuel valve leads from 10 to 35 millisec- 
onds were evaluated. Simultaneous shutdown of both main propellant valves 
was performed to minimize the thrust  decay t ime after each pulse. A min- 
imal igniter hydrogen lag was utilized, a s  shown in Figure 102, to maintain 
optimum catalyst bed activity by precluding oxygen from the catalyst sur-  
face while the bed was at  temperature above 1500°F (1089OK). 
5.5.2 Discussion of Results 
Results of the pulse mode tests at each thruster  chamber pressure 
level, 10 and 100 psia (69 and 690 kN/m2), a r e  presented in Table 27. 
tes ts  were performed with propellants conditioned to -250°F (117OK) and 
the thruster/ igniter hardware initially at ambient temperature, as required. 
All 
Tests  1202-1204: Initial low Pc pulse tests were conducted-with 
each of the three igniter pulse sequences, as indicated. The required 
pulse duty cycle of 200 msec on/100 msec off was performed for these 
tests,  and a main oxidizer to fuel valve lead of nominally 30 msec  was 
evaluated. Satisfactory ignitions were attained on each pulse. 
Test  1205: This test  was a repeat of 1202, except that the main 
oxidizer valve lead was decreased to a nominal value of 10  msec, with no 
detremental effects noted. Thrust  data fo r  this test were invalid because 
the calibration weights were accidently left on during the run. 
Tests  1206-1207: A second pulse duty cycle of 500 msec on/500 msec 
off was evaluated with the low Pc thruster.  Ignition did not occur on the 
first attempt {run 1206), but was achieved by raising the igniter effluent 
temperature above 19000F (13090K) (by increasing igniter mixture ratio). 
Tests  1208-1209: The final pulse duty cycle, 100 msec on/ 100 msec 
off, was Derformed with the low chamber pressure hardware. Again, in- 
creasing'the effluent temperature over 1900OF (13090K) was required for 
ignition with propellants at -250OF ( 1 17OK). 
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Tests 1210-1211: These tests were conducted to repeat the f i rs t  
h o  duty cycles; however, valid performance data were not acquired on 
these tests because of a malfunction of the digital tape start  circuit. 
Tests 1224-1225: The high Pc thruster tests were begun with the 
required pulse duty cycle, 200 msec on/100 msec off, 
sequences (1) and (2) were evaluated a t  a nominal main oxidizer ,valve lead 
of 10  msec with satisfactory operation in each case. 
Igniter pulse 
Tests 1226-1227: A pulse program of 150 msec on/150 msec off 
was evaluated a s  the second high chamber pressure duty cycle. 
oxidizer leads of nominally 10 and 30 msec were evaluated with satisfac- 
tory pulse ignitions for each condition. 
Main 
Tests 1228-1232: The final high Pc pulse duty cycle was 500 msec on/ 
500 msec off. 
and cooldown of the catalyst bed between pulses was found to preclude igni- 
tion, except fo r  igniter sequence (1), where both igniter oxidizer and fuel 
a r e  flowing continuously through the catalyst bed between main thruster 
pulses and no catalyst bed cooldown occurs. 
a r e  displayed in Figures 103 through 106. Also includgd in these figures 
a r e  the corresponding theoretical C:S and Isp performance values for  each 
chamber pressure level. 
Each of the three igniter pulse sequences were evaluated, 
All  valid pulse performance data, both C* and Is , from Table 27 
Computer plotted chamber pressure and thrust traces a r e  shown 
in Figure 107 for the required duty cycle of 200 msec  on/100 msec  off 
performed with the high chamber pressure thruster. The same thrust 
trace is shown in Figure 108, but the thrust cell output has been electroni- 
cally filtered to remove the thrust stand ringing frequency. 
Figure 109 is a thrust output t race recorded during pulse operation 
of the low pressure thruster. 
described above. 
pulse is the measured value, uncorrected for vacuum cell pressure. 
the large exit a rea  of the low pressure thruster, this correction was 
considerable in magnitude, approximately 3 lbf (1 3N). 
This trace also has been filtered, as  
The thrust level of about 1 6  lbf (71N) indicated for each 
With 
Figures 110 and 111 present simulated thruster pulse data from the 
Inputs to this program for  these TRW computer transient s ta r t  program. 
plots included the actual valve response times and thruster manifold 
volumes from the experimental hardware used for the pulse performance 
tests. 
t es t  data of Figures 107 through 109, which a r e  also superimposed on 
Figures 110 and 111 for comparison. These thrust response times can be 
significantly improved a t  each pressure level by minimizing injector mani- 
fold volumes and incorporating a close-coupled bipropellant f ire valve, as 
described in the discussion of flightweight thrusters in Section 6 . 2  (and 
illustrated in Figures 118 and 119). 
The calculated thrust r ise  times agree quite well with the actual 
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Table 28 summarizes the results of the pulse mode duty cycle eval- 
uations. 
(initially) ambient temperature thruster and catalyst bed. 
pulse operational sequences evaluated (Figure 102), continuous operation 
of the igniter (both propellants) resulted in the most consistent pulse 
re,peatability. 
particularly when low temperature hydrogen flow was continued through 
the catalyst bed (pulse sequence 2), resulted in bed chilling and led to de- 
layed ignitions a s  longer off times between pulses were investigated. 
Required test  conditions were -2500F (117'K) propellants and 
Of the different 
Termination of igniter oxygen flow between thruster pulses, 
5.5.3 Thruster Heat Transfer Evaluations 
Chamber temperature measurements obtained with the heat sink 
hardware were evaluated for  both pressure levels a t  the nominal mixture 
ratio of 2.5. 
thruster firing was 23 Btu/sec (5.80 kcal/sec) with 11 Btu/sec (2.77 kcal/ 
sec) chamber loss. 
1.98 x 10-3 Btu/in2-sec-oF (5.79 cal/cm2 sec-OK). 
The total heat loss rate for a 34-second high pressure 
The film coefficient at the throat was estimated at  
The total heat loss ra te  for a 32-second low pressure thruster firing 
was 14 Btu/sec (3.53 kcal/sec) with 8 Btu/sec (2.02 kcal/sec) chamber 
loss. 
(0.907 cal/cm2- sec-OK). 
(2411OK) for the high pressure thruster and 3700°R (2055'K) for the low 
pressure thruster a r e  in close agreement with the theoretical values (for 
2.5 mixture ratio) presented in Figure 112. 
The estimated throat film coefficient was 3.1 x 10-4 Btu/in2-sec-oF 
Estimated recovery temperatures of 4340OR 
Post-test  condition of the thruster/ igniter hardware is illustrated by 
Figures 113 and 114. 
changes and modifications to the reactor mixing chamber, the same hard- 
ware fo r  each chamber pressure was utilized for  a l l  program testing. 
Steady-state runs of over 30 seconds duration were made with both 
thrusters.  
Except for required catalyst bed configuration 
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6. FLIGHTWEIGHT THRUSTER DESIGN 
Data evaluation, analysis and design activities were conducted to  
define a preliminary 20 lbf (89N) flightweight thruster design for both the 
high and low chamber pressure levels. The results of these flightweight 
design evaluations a r e  presented in the following paragraphs, including 
overall thruster theoretical perf ormance character i s  tics 
chamber thermal operating trends, preliminary valve envelope sizing, and 
preliminary flightweight thruster de sign layouts. 
selected thrust  
6 .1  OVERALL THRUSTER PERFORMANCE 
The theoretical performance characterist ics for these propellants 
about the nominal 2. 5 mixture ratio of interest  were presented in F ig -  
ures  94, 25, 98, and 99 (Section 5. 4. 2 of this report)  for both the 10 
(69 kN/m ) and 100 (69 kN/m2) psia chamber pressure levels. These 
figures show the important theoretical equilibrium, frozen, and one- 
dimensional kinetic performance values for each subject thruster over 
the mixture range of interest  (O/F = 1. 5 to 3. 5 with ambient temperature 
gaseous propellants). The calcplated kinetic performance can be seen to 
follow closely the frozen performance trends, with predicted maximum 
Isp values occurring a t  approximately the nominal mixture ratio of 2. 5 
for both chamber pressure  levels. 
shift in the kinetic performance ( to  higher mixture ratios) with increased 
chamber pressure.  Each of these figures compares the theoretical equili- 
brium, frozen, and kinetic calculated performance values. The calculated 
kinetic performance (both C* and Isp) i s  near maximum at the nominal 
mixture ratio of 2. 5 for both chamber pressure levels. 
These data a lso show the expected 
Delivered thruster performance estimates were made for both the 
10 and f 00 psia 208 lbf thrust Hz/Oz design a t  the nominal mixture ra t io  
of 2. 5 using the following relationship which utilizes one -dimensional 
kinetic performance data and accounts for the associated nozzle divergence, 
viscous, and combustion losses by reduced efficiency terms (qdiv, %is, 
qc omb, respectively). 
I = I  
SPdelivered "kinetic qdiv %is %omb 
Shown in the table below a r e  the preliminary delivered performance est i -  
mates for the subject thrusters assuming both 100 percent combustion 
efficiency and the actual measured combustion efficiencies. The theo- 
retical predicted thruster vacuum specific impulse values shown agree 
quite well with the experimental data presented ear l ier  in Figures 94 and 
98. 
I 
i Chamber  P r e s s u r e  Mixture  
(O/F) 
Ratio 
2. 5 
2. 5 
7 
Es t ima ted  
?comb 'sp ?comb I s p  
I Del ivered Isp (sec) 
SPkinetic"' ?div xis 
I 
460 .  8 0. 985  0. 9 5 5  1. 00  433.  5 0. 90  f 390. 11 
4 6 5 . 8  0. 985  0. 9 6 5  1. 00  442.7 0. 9 5  1420. 6 ;  
I 
6. 1. 1 Nonuniform/Zonal Mixture Ratio Effects 
With the gaseous propellant thruster designs, it is anticipated that 
reduced combustion efficiencies a r e  caused primarily by nonuniform 
(zonal) mixture ratio effects. 
in many cases,  required from the standpoint of resultant thrust chamber 
durability considerations. Analyses of these factors, as  they affect deliv- 
ered thruster performance, can be accomplished by available multizone 
computer programs based on the simplified stream-tube approach. 
Intentional radial mixture ratio biases a re ,  
SP A st ream tube approach can be undertaken wherein the overall I is  a summation of the weighted s t ream tube Ispa i. e. , : 
where: 
Mi/AT = Fraction of total flow rate in ith s t ream tube 
I i = Specific impulse of ith s t ream tube 
SP' 
Zonal performance calculations were conducted to assess ,  on a 
theoretical basis, the magnitude of these nonuniform mixture ratio effects. 
The 100 psia (690 kN/m ) chamber pressure one-dimensional kinetic per-  
formance data were used for these calculations (assuming a simplified 
two-zone expansion model), since the requirement for chamber wall envi- 
ronment control increases directly with operating chamber pressure. 
results of these calculations a r e  shown below for the case where the overall 
thruster mixture ratio is maintained constant a t  2. 5 (O/F) and for a wall 
zone (zone 1 )  mixture ratio of 1. 5 ,  which represents a theoretical reduction 
of the effective wall zone gas temperature of approximately 1200°R (667OK). 
2 
The 
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I Estimated* 
Delivered 
I (sec) 
SP "O/F = 2. 5 
1. 00 
0. 993 
0. 987 
* 
Assuming only zonal combustion/expansion losses 
The resultant performance losses caused by zonal effects a r e  seen 
to be quite small for the above selected operating conditions at  the nominal 
thruster mixture ratio of 2. 5. 
6. 2 PRELIMINARY FLIGHTWEIGHT DESIGNS 
Preliminary designs for the flightweight thrusters ,  based on the 
results of these investigations, a r e  shown in Figures 115 and 116. Both 
thruster designs a r e  shown employing columbium alloy radiation cooled 
thrust chambers. An overall envelope of the associated thruster bipro- 
pellant valving is shown on these preliminary designs to permit assess -  
ment of overall thruster envelope and resultant thruster interfaces. 
6. 2. 1 Flightweight Thruster Thermal Analyses 
Thermal analyses were conducted to  define the thermal operating 
characterist ics of the selected radiation cooled chamber designs for both 
Pr imary  emphasis of the analyses was to define the operating temperatures 
of the cri t ical  throat region since peak operating temperatures, which occur 
a t  this location, determine resultant overall thrust chamber durability. 
The pr imary variables evaluated during this analysis were throat station 
wall thickness and wall zone combustion gas  temperature. Heat transfer 
coefficients for both the high and low chamber pressure designs were cal- 
culated using the Bartz simplified techniques with no correction for either 
recombination or  r elaminarization. 
the 10 psia (69 kN/m2) and 100 psia (690 kN/m 2 ) chamber pressure levels. 
The pr imary results of these thermal analyses a r e  shown in F ig -  
The indicated wall thickness is very near optimum for 
ure  117 for both chamber pressures  and a constant wall thickness of 0. 3 
inch (0. 76 cm). 
both thruster designs. One can see from Figure 117, that a t  the nominal 
engine mixture ratio of 2, 5, the low and high chamber pressure thruster 
designs have computed throat wall operating temperatures of approximately 
2550°R (14170 ) and 37200R (2067OK), respectively. 
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The allowable wall operating temperatures for the selected refractory 
metal (columbium) radiation cooled thrust  chamber design i s  determined by 
the durability characterist ics (temperature/life trends) of the oxidation pro- 
tection coating employed. State-of-the - a r t  silicide coatings, employed on 
similar thruster designs with the earth storable propellants, have experi- 
mentally demonstrated 9- 10,000 second durability at steady-state wall tem- 
peratures of 3130°R (1739OK). 
Figure l f 7 ,  one can predict the required wall environmental control for  both 
chamber pressure  levels. 
10 psia (69 kN/m2) hruster  design at the nominal 2.5 mixture ratio. 
temperature constant, reduction in the wall zone mixture ratio f rom the 
nominal of 2. 5 to approximately I. 85, equivalent to an effective wall zone 
gas temperature of 3500OR (1 9440K). The zonal performance loss associ-  
ated with this reduced (O/F  = 1.85) wall zone mixture ratio a r e  estimated 
to  be approximately 0. 5 percent. Higher temperature oxidation protection 
coating systems for the refractory metals have been evaluated by TRW 
Systems and other investigators and would permit higher wall operating 
temperatures, thus re2oving the necessity of wall environment control for 
the 100 psia (690 kN/m ) chamber pressure  design at the nominal 2.5 thrust- 
e r  mixture ratio. 
ith this data, and the results shown in 
No wall environment control is  required for the 
The 
100 psia (690 kN/m i! ) thruster requires, to  meet the above wall operating 
6. 2. 2 Flightweight Thruster Pulse Mode Operational 
Characteristics 
In the preliminary design of the flightweight thrusters shown in Fig-  
ures  I15 and 116, analyses were made of the various injector design factors 
which have a cri t ical  influence on pulse mode performance as  well as  over- 
all thruster response. 
manifold volumes and the ratio of the oxidizer/fuel manifold volumes. The 
basic injector manifold volumes determine, f rom f i l l  time requirements, 
the overall thruster response characteristics. The ratio of the oxidizer 
and fuel manifold volumes are important for the maintenance of nominal 
thruster mixture ratio during start and shutdown transients, and thus 
critically affect the resultant pulse mode performance. 
Of pr imary importance are the respective injector 
A thruster pulse simulation digital computer program was employed 
to establish the optimal oxidizer/fuel manifold volumes for  maximum pulse 
mode performance. Figures 118 and 119 present the first computer print- 
out data for each chamber pressure thruster. Both of these computer 
simulations indicate constant propellant mixture ratio during the entire 
pulse, including s t a r t  and shutdown transients, resulting in maximum 
overall impulse performance. Using this same pulse simulation computer 
program, similar analyses may be readily conducted to include actual 
propellant valve response characterist ics as well as the pr imary thruster /  
igniter inter actions. 
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7. CONCLUDING REMARKS 
The experimental evaluations conducted during this program included 
laboratory investigations of catalyst activity, reactor optimization tests 
and combined thruster/igniter firings over a wide range of operating con- 
ditions. 
design cr i ter ia  for catalytic pilot bed reactors as described below, and 
have defined limits of operation for  gaseous hydrogen-oxygen thrusters under 
specific environmental conditions. 
the overall results of this program and present recommendations for con- 
tinued investigation of this thruster concept. 
Evaluation and analysis of the data obtained have provided basic 
The following paragraphs summarize 
7 . 1  SUMMARY OF RESULTS 
The laboratory investigations of the candidate Shell 405-ABSG and 
Engelhard MFSA catalyst formulations have indicated the Shell catalyst 
tested was superior in activity at temperatures below -125OC (148OK), 
although the Engelhard catalyst was equally as active in promoting H 2 - 0 2  
reaction at - 1 OO°C (I 73OK) or  above. 
were developed to remove oxygen and to preadsorb hydrogen on the catalyst 
surface, which were found to be essential in achieving appreciable catalyst 
activity a t  temperatures below -25OC (248OK). These pretreatment techni- 
ques were also employed during all subsequent test procedures to insure 
maximum catalyst activity and thus achieve consistent experimental results. 
Catalyst pretreatment procedures 
Final selection of a single catalyst type for thruster testing was 
intentionally deferred until an extensive evaluation of each catalyst had 
been conducted with reactor hardware capable of igniting a 20 lbf (89N) 
gaseous hydrogen-oxygen thruster. These tests confirmed the laboratory 
results -ignition was achieved with the Shell catalyst a t  temperatures a s  
low as  -2500F (ll7OK), but not with the Engelhard MFSA catalyst below 
- IOOOF (2000K). 
during this investigation. 
Hg prior to ignition did not affect the catalyst activity, as indicated by 
successive reactor response measurements at different vacuum ignition 
conditions with no changes observed 
weight in the hydrogen supply was not detrimental to reactor operation with 
either catalyst. 
attained with He-02 dilutions exceeding 25 percent by weight with the low 
pressure reactor,  although reaction occurred with 50 percent He-02 dilu- 
tions at the higher pressure level. Low temperature dilution tests were 
not successful at He-02 dilutions above 5 percent (no intermediate dilu- 
tions between 5 and 25 percent He-02 were evaluated). Reaction at  both 
pressure levels was attained with catalyst bed lengths f rom 0. 50 to I. 0 
inch (I. 27 to 2. 54 cm) and with igniter flow rates f rom 2 to 10 percent of 
nominal thruster flow. 
No evaluations were made at intermediate temperatures 
Exposure to vacuum environments of 10-5 mm 
Helium dilution of up to 10 percent 
Ignition with ambient temperature propellants was not 
Both steady-state and pulse mode thruster firings were conducted 
at each chamber pressure  with as little a s  2 percent of the total propellant 
flow directed through the igniter. Thruster ignition was attained by injec- 
tion of pure oxygen directly into the fuel-rich igniter effluent. Minimum 
209 
igniter effluent temperature was found to be the primary requirement for 
thruster ignition, rather than an energy limit. Combustion efficiencies 
of 95 percent of theoretical equilibrium C* were attained with the high 
pressure thruster. Efficiencies f rom 85 to 90 percent of C* theoretical 
were measured with the low pressure thruster, depending on the fuel in- 
jection velocity. 
thruster  performance would be beneficial. 
These results indicate that further optimization of 
7. 2 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 
The experimental and analytic results of this program have demon- 
strated the feasibility of catalytic pilot bed ignition of gaseous hydrogen- 
oxygen reaction control thrusters. 
The following activities a r e  suggested for further investigation of 
hydrogen-oxygen reaction contr ol thrusters : 
Analysis and design of flightweight thrusters for each 
pressure level, including evaluation of a number of 
chamber cooling concepts 
Performance optimization tests of flight prototype 
thrusters at  each pressure level, and over a range of 
operating c ondition s 
Durability demonstrations of each thruster - both steady- 
state and pulse mode extended duration firings. 
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